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INTRODUCTION AND AIMS OF THESIS
#
Bone tissue
The functions of bone tissue are to support and protect the soft parts of the 
human body. Above all by the attachments of numerous tendons and ligaments, 
it enables locomotion of the limbs. There are two forms of bone tissue: cortical or 
compact bone and cancellous or trabecular bone. Long-bone diaphysis consists 
almost entirely of cortical bone. The metaphysis of long bones and most short 
and flat bones consist of relatively thin shells of cortical bone filled with cancellous 
bone. Irrespective to the type of bone, it consists of a specific matrix associated 
with a number of bone specific cell types. Unlike the matrices of the other 
tissues, bone matrix contains mainly mineralized type one collagen. The collagen 
contributes to bone strength but also gives bone the toughness and ductility that 
allows substantial deformation without fracturing. The mineral provides for 
stiffness in compression and bending. Bone matrix is produced by osteoblasts. 
A number of osteoblasts will be embedded into the matrix during bone formation, 
become relative inactive cells and are then called osteocytes. Besides osteoblasts 
and osteocytes two other cell types are present in bones: the bone lining cells, 
which can be considered as inactive osteoblasts on the surface of the bone and 
the osteoclasts, the bone resorbing cells.
Bone fracture healing
A fracture of a bone initiates a complex healing process that requires the recruitment 
of appropriate cells (mesenchymal stroma cells, fibroblasts, macrophages, 
chondroblasts, osteoblasts, osteoclasts) and the concomitant expression of 
specific genes, which control migration, proliferation and differentiation off these 
cells. The production of growth and differentiation factors by the cells play a 
crucial role in the organisation and timing of the fracture healing cascade. This 
fracture healing response involves also a sequence of inflammation, repair, and 
remodelling that eventually will restore the injured bone into its original state within 
a few months if the process occurs uneventful. Union occurs when progressively 
increasing stiffness and strength provided by the mineralization process makes 
the fracture site stable and consequently pain free.
In the inflammatory phase of fracture healing, a hematoma is formed from the 
blood vessels ruptured by the injury. Inflammatory cells invade the hematoma 
and initiate the resorption of necrotic tissue. Bolander suggested that particularly 
the platelets in the hematoma are a source of signalling molecules, such as 
transforming growth factor-beta (TGF-ß) and platelet-derived growth factor 
(PDGF). They initiate and regulate the cascades of cellular events that result in
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fracture healing 39. The reparative phase, which usually begins 4 or 5 days after 
injury, is characterized by the invasion of mesenchymal stroma cells, which initially 
differentiate into fibroblasts and chondroblasts and then form a soft fracture 
callus. Proliferation of blood vessels (angiogenesis) within the periosteal tissues 
and marrow space helps route the appropriate cells to the fracture site and 
contributes to the formation of a bed of granulation tissue. The transition of the 
soft fracture callus to a more stable fracture involves the formation of woven bone 
and callous mineralization, which stiffens and strengthens the fracture site. 
Thereafter a process of remodelling starts, which last for months or even years. 
The fracture stability is increased due to the increased volume of the callus.
A larger diameter of the callus will particularly result in more resistance of the 
bone to (bending and torsional) loads. Alternatively an unstable fracture will lead 
to more callous formation in an attempt to stabilise the fracture. The woven bone 
is in time remodelled by lamellar bone and eventually the bone is restored to 
normal or nearly normal morphology and mechanical strength. Each of these 
stages overlaps the end-stage preceding it, so fracture healing is a continuous 
process.
Einhorn described four distinct healing responses, characterized by location: 
bone marrow, cortex, periosteum, and external soft tissues 40. He suggested that 
perhaps the most important response in fracture healing is that of the periosteum, 
which involves a rapid cellular activity of osteoprogenitor cells and mesenchymal 
cells. This leads to the generation of early bridging callus, consisting of enchondral 
formed tissue. The periosteal response has been shown to be capable of bridging 
gaps as large as half the diameter of the bone; this response is enhanced by 
motion and inhibited by rigid fixation. The external (periosteal) soft tissue response 
also depends on mechanical factors (i.e. loading) and may be depressed by rigid 
immobilization and will be further investigated in this thesis.
During the complex fracture-repair process, four basic types of new bone 
formation occur: osteochondral ossification, intramembranous ossification, 
oppositional new bone formation, and osteonal migration (creeping substitution). 
The type, amount, and location of bone formation is influenced by fracture 
type, gap conditions, fixation rigidity, loading, and biological environment. 
Undifferentiated pluripotent cells subjected to compression and low oxygen 
tension will differentiate into chondroblasts and cartilage, while those under 
mechanical tension and high oxygen tension will differentiate into fibroblasts and 
produced fibrous tissue. The type of stress applied to immature or undifferentiated 
tissue thus heavily affects the type of bone formed 41.
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Fracture Stabilization
Fracture stabilization by traction, cast immobilization, external fixation, and 
internal fixation can facilitate fracture healing by preventing repeated disruption of 
repair tissue. Some fractures (displaced femoral neck and scaphoid fractures) 
rarely heal if they are not rigidly stabilized. Fracture stability appears to be 
particularly important for healing when there is extensive associated soft-tissue 
injury, when the blood supply to the fracture site is marginal, and when the fracture 
occurs within a synovial joint. Excessive motion secondary to ineffective 
stabilization, repeated manipulation, or excessive loading and motion retards 
fracture healing and may cause non-union.
Despite the importance of stability for healing of some fractures, instability 
does not necessarily impair healing of other fractures. During the early part of 
repair, motion occurs at most fractures except for those treated by rigid internal 
plate fixation. Fractures with intact surrounding soft tissues that provide some 
stability in a well vascularised region of bone may heal rapidly even though 
palpable motion of the fracture site persists for weeks after injury. For example 
rib, humeral shaft and clavicle fractures heal even though the fracture fragments 
remain mobile until fracture callus stabilizes them. Controlled induced micro-motion 
can even facilitate healing of some of these fractures37.
Although rigid internal stabilization of fractures with metallic implants (plates) 
has multiple advantages, it also has potential disadvantages. Rigid fixation can 
alter fracture remodelling and decrease bone density because the stiffness of 
most implants is often much higher than that of bone, thereby loading the bone 
sub-physiologically; this phenomenon is often referred to as ‘stress shielding’ 38.
In addition to stress shielding of bone, attempted rigid plate stabilization of 
fractures has other potential disadvantages. Anatomical reduction and rigid 
stabilization of some fractures may require extensive surgical exposure that 
increases the risks of infection and of compromising the blood supply to injured 
tissues compared to fixation with intramedullary nails and external fixators.
Large bone defects
In normal circumstances the process of healing is generally undisturbed. The 
bone healing capacity, however, is markedly decreased in severe fractures with 
associated large soft-tissue wounds, loss of soft tissue, displacement, 
comminution, loss of bone, and decreased blood supply to the fracture site. 
Large bone defects with associated loss of soft tissues also result after resection 
of bone tumours and nettoyage of osteomyelitis. The gross instability in these
13
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large bone defects necessates stabilisation. The biological circumstances are 
disturbed in a way that a spontaneous healing of the defect is not to be expected. 
Major factors influencing the biological response are probably the periosteum 
and stability at the fracture site. However, the extend of the influence of these 
factors on the healing process are uncertain and are therefore subject of study in 
this thesis.
Historically, because of the difficulty of reconstructing large long bone defects 
caused by trauma, infections and tumours were treated by primary amputation. 
New treatment modalities of stabilisation and soft-tissue reconstruction mean that 
more limbs with bone defects can be salvaged. The following methods of 
treatment of large bone defects have all their own unique problems and clinical 
results and will be discussed sequentially. These methods are: Local bone 
transport, local bone shortening and lengthening, filling defects with morsellized 
cancellous bone autograft, nonvascularized fibula autograft, vascularised fibula 
autograft, massive cortical allografts, cage reconstructions and reconstructions 
with trabecular metal.
Local bone transport
Several authors have clinically evaluated the Ilizarov bone transport method for 
tibial defects and have compared bone transport with other techniques. It is 
worthwhile to review some of these studies to put the results and complications 
of the Ilizarov method of bone transport into perspective.
Cierny compared twenty-one patients with segmental tibial defects (mean 
size 6.4 centimetres) treated with bone transport using the Ilizarov apparatus with 
twenty-three patients with tibial bone defects (mean size 8.5 centimetres) treated 
with massive cancellous autologous bone grafts and soft-tissue transfer 5. After 
one surgical procedure, 71 percent of the Ilizarov patients and 74 percent of the 
bone graft patients achieved union. Complication rates were 33% for the Ilizarov 
patients and 60% for the bone graft patients. Re-treatment led to union without 
infection in 95% of both groups. Ilizarov patients averaged fewer hours in the 
operating room, hospital days, months of disability, units of blood, and adjunctive 
surgical procedures, resulting in cost savings. The authors concluded that Ilizarov 
bone defect reconstruction was faster, safer, less expensive, and easier to perform. 
However, they recommended that because of the lengthy treatment time and for 
psychological reasons, the preferred treatment is bone grafting with tissue transfer 
for defects greater than six centimetres. Cierny subsequently reported that he had 
modified this recommendation to six centimetres for single-level transport and
14
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greater than six centimetres for double-level transport 5. Green also compared 
two groups of patients with bone defects: seventeen patients with a mean defect 
of five centimetres treated by Ilizarov bone transport versus fifteen patients with a 
mean defect of four centimetres treated by morsellized cancellous bone grafting 
(Papineau technique) 14. Six of the seventeen transport patients required bone 
grafting at the docking site. The EFI (External Fixation Time) was 1.9 months 
per centimetre of defect reconstructed for both groups. To shorten treatment 
time, Green recommended bone grafting of the future docking site, either at the 
time of debridement or just before docking. Marsh compared ten bone defects 
treated with mono-lateral transport with fifteen bone defects treated by means 
of Ilizarov external fixation, bone grafts, and soft-tissue coverage 20. Two in each 
group failed to unite. The number of complications requiring surgery averaged 1.1 
and 0.7 per patient in the transport and bone graft groups, respectively. The main 
differences in results for the two groups were fewer angular deformities and less 
LLD (Limb Length Discrepancy) in the transport group. As with limb lengthening, 
most complications of bone transport do not lead to permanent sequelae 26. Minor 
hardware problems can be expected, including wire fracture, wire pull-out, and 
collision of rings.
The most common complication associated with the bones during the 
docking process was delayed healing of the docking site by closed means, which 
occurred in ten (53 percent) of nineteen cases 24. Opening of the docking site, 
with debridement of the bone ends and possible bone grafting, was performed 
in these ten cases. Some authors do not consider this a complication but rather 
a staged planned procedure 5 20. The theoretical advantage of the Ilizarov bone 
transport method that it can avoid the harvest of auto graft is therefore unrealistic 
because of the high number of secondary bone graft procedures of the docking 
side.
Most of the distraction complications encountered were soft-tissue- 
related complications, with joint contracture being the most common. Delayed 
consolidation of the regenerated bone is uncommon. Ilizarov and others have 
recommended the following to optimize distraction bone regeneration: providing 
stable fixation, allowing a latency period after osteotomy, performing a low- 
energy (preferably percutaneous) subperiosteal metaphyseal-level osteotomy, 
having no initial diastasis between the bone ends before distraction, and using 
an appropriate rate and rhythm of distraction 25.
Soft-tissue invagination was the most common of the docking-related soft- 
tissue complications. In most cases, this interposition resolves spontaneously as
15
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the transport segment elevates the invaginated soft tissues at the time of docking. 
In some cases, it is necessary to elevate the soft tissues surgically.
There is no doubt that the Ilizarov technique represents the standard reconstructive 
method in traumatic cases of limited intercalary bone loss (4-6 cm). In the case 
of resection of bone tumours, however, this technique is more difficult to apply 
because usually the intercalary bone loss is very long, and a prolonged treatment 
with a high morbidity rate is required. Pin tract infection, which is a minor problem 
in trauma, may be disastrous in patients who are immuno-suppressed because 
of chemotherapy. The newly formed bone regenerate may be altered by adjuvant 
therapies (chemotherapy or radiation therapy) or absent periosteum, which will be 
investigated in this thesis. It has been speculated that the intense hyperaemia and 
neoangiogenesis around the regenerated bone might favour the local recurrence 
of the tumours.
In conclusion bone transport can be used to heal large bone defects. The lengthy 
treatment time, high number of complications and subsequent number of 
reintervention are a major setback.
Local bone shortening and lengthening
Sen et al. evaluated the results of bifocal compression-distraction (shortening 
and lengthening) method for the acute treatment of open tibia fractures with bone 
and soft-tissue loss 31. Bifocal compression-distraction osteogenesis using the 
Ilizarov type circular external fixator was applied to 24 patients with 14 grade IIIA 
and 10 grade IIIB open tibia fractures with bone and soft-tissue loss. Mean age 
of the patients was 30.6 years (range 18-53). The mean bone defect was 5 cm 
(range 3-8.5).
Acute shortening at the fracture site was done for patients with bone defects 
up to 3 cm to achieve apposition of bone ends. Gradual shortening at a rate 
of 2 mm/d was done for patients who had bone defects more than 3 cm. Leg 
length discrepancy was overcome by lengthening at the same time through a 
corticotomy at a proximal or distal level depending on fracture localization, until 
there was equalization of leg lengths.
Mean follow-up period was 30 months (range 18-60). Mean bone healing time 
was 7.5 months (range 4-11). The mean time in external fixation was 7.1 months 
(range 3-10), and the average external fixator index was 1.4 months/cm. Pin site
16
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infections were present in 10.7% of the pin sites. There were 52 complications in 
24 patients, for a complication rate per patient of 2.08. Of the complications, 48.1% 
were problems (minor complications), 38.5% obstacles (major complications 
requiring a surgical solution), and 13.4% sequelae (true complications). Minor 
complications included soft tissue inflammation and infection, translation/ 
angulation, and delayed maturation during distraction and transient knee 
contracture and loss of motion. All grade 1 and 2 soft tissue inflammations and 
infections healed with nonoperative therapy. Major complications included pin 
tract infection and reinfection, equines deformity, frame failure, and premature 
consolidation, all of which required additional surgery to correct the problem. 
Sequelae included leg length discrepancy, loss of knee/ankle range of motion, 
malalignment, and chronic osteomyelitis.
El-Rosasy has treated 21 patients, with a fracture of the tibia complicated 
by bone and soft-tissue loss as a result of an open fracture in 10, or following 
debridement of an infected non-union in 11, by resection of all the devitalised 
tissues, acute limb shortening to close the defect, application of an external 
fixator and metaphyseal osteotomy for re-lengthening 10. The mean bone loss 
was 4.7 cm (3 to 11). The mean age of the patients was 28.8 years (12 to 54) 
and the mean follow-up was 34.8 months (24 to 75). All fractures united with a 
well-aligned limb. The mean duration of treatment for the ten grade-III A+B open 
fractures (according to the Gustilo-Anderson classification) was 5.7 months (4.5 
to 8) and for the non-union’s, 7.6 months (5.5 to 12.5). Complications included one 
refracture, one transient palsy of the peroneal nerve and one equines contracture 
of 10°.
Saleh and Rees compared the results of the treatment of bone defects by 
bone transport with those of acute limb shortening followed by lengthening 30. 
They obtained excellent results in 12 patients (75%) and good results in four (25%). 
They found a shorter treatment time and fewer complications with the limb 
shortening and re-lengthening method. The complication rates per patient were 
1.0 in the compression-distraction group and 2.2 in the bone transport group. 
They recommended that acute shortening should be considered for tibial defects 
of 3 cm and femoral defects of 5 cm. It has been recommended that the safe limit 
for acute tibia shortening is 3 cm and a greater defect should be closed gradually 
to avoid neurovascular compromise. Mahaluxmivala et al. reported about 18 
patients who had a non-union of their tibial fracture with bone loss 18. In six cases 
they performed acute limb shortening and re-lengthening, and they were able to 
shorten the leg acutely up to 6 cm, but they did not indicate the level of shortening
17
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in the tibia (i.e. upper, middle or distal third). However, no absolutely safe limits for 
acute shortening can be suggested and every case should be monitored intra- 
operatively. Post-operative monitoring is mandatory because soft-tissue oedema 
can result in late neurovascular compromise, in which case the shortening should 
be relieved. The suggested limits for limb shortening should be considered during 
pre-operative planning. For a bone defect of 3 cm, a transverse skin incision 
would be adequate, but a Z-shaped incision should be used for a defect of 5 cm. 
There are specific problems in peri-articular bone defects. Defects in the upper 
third may not be closed immediately because of vascular problems. In the vicinity 
of the ankle, overzealous shortening may cause the skin to buckle with subsequent 
ischemia leading to skin loss which is difficult to manage in this location.
Acute limb shortening should result in a well-aligned and straight, but short, 
leg with adequately matched and compressed bone ends. The next step is 
the choice of the fixator to be used for stabilisation and linear lengthening. 
A monolateral external fixator is adequate for short-segment lengthening of less 
than 5 cm, with good bone quality. The Ilizarov external fixator is indicated for 
patients with osteoporotic bone, lengthening of more than 5 cm and when foot 
fixation was required. The use of a monolateral fixator simplified the fixation and 
was tolerated better by the patients. However any external fixation is psychologically 
not well tolerated by patients.
In conclusion the shortening and lengthening procedure is suitable for the 
treatment and healing of large defects. However, frequently more surgical 
interventions are needed and the duration of the treatment is extensive.
Morsellized cancellous bone autograft
Autogenous cancellous bone has a major advantage that it supplies not only a 
bony matrix, but also the osteogenic cells that will form new bone. The drawbacks 
of using auto graft include pain at the donor site, the potential for local complications 
at the harvest/donor site such as haematoma or fracture, and a limited quantity. 
The high incidence of morbidity caused by the harvest of auto graft makes the 
acquisition of material from other sources more desirable. To treat defects in long 
bones, the diameter of the grafted bone should ideally be larger than the length 
to avoid early graft fracture. The cancellous auto graft in these large defects may 
take a long time to fully corticalize and support full weight bearing.
Because of the limited quantity of cancellous auto graft the volume can be 
expanded by mixing with allograft and bone replacement materials to reconstruct
18
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defects larger than 5 cm height. In large uncontained defect reconstructions 
cancellous bone grafts have been used in combination with external fixation by 
Green 14. The external fixator time was 1.9 months for each centimetre of defect 
reconstructed. The main complications were fracture of the graft after fixator 
removal and donor-site morbidity. Robinson treated ten open tibia fractures with 
severe bone loss with a mean of 7.3 cm (3-10) with debridement, soft tissue 
coverage, nailing and secondary bone grafting 29. Nine fractures united at a mean 
of 70.5 weeks (66 to 98), but one patient eventually required a below-knee 
amputation because of a persisting infection. Bone grafting was performed at 
between 8 and 12 weeks in all cases, but was successful in only two fractures. 
Five fractures required a second bone graft and three required a third.
In conclusion these grafts have good biological properties but lack sufficient 
mechanical strengths to be used alone in the reconstruction of these large 
defects.
Non vascularised fibula structural auto graft
Krieg et al. reported about the outcome and complications in 31 patients who 
were treated with non vascularised fibular grafts after resection of primary 
musculoskeletal tumours 17. In a median follow-up of 5.6 years in 89 % union was 
achieved. There was a significant higher union rate in patients who did not receive 
additional chemotherapy and/or radiotherapy. Radiographs showed increase in 
diameter in 70% of the grafts. Fatigue fractures were seen in 15 %. A deep infection 
occurred in one patient. Morbidity at the donor site was 16 % and consisted of 
two peroneal nerve palsies. In one case ankle instability was reported and in two 
stiffness of the ankle. The procedure was short, simple and less expensive 
compared to vascularised grafts. Younger patients have a tendency of earlier and 
faster graft hypertrophy (63% under 20 years), probably because of their higher 
capacity for remodelling and increased level of activity. A demonstration of 
secondary vascularisation was seen (in the same study) in two patients who 
sustained a fracture after trauma to an unsupported graft, which healed with cast 
immobilisation after four months. Both developed callus formation, demonstrating 
that this auto graft was functioning as vascularised bone with excellent biological 
activity. Yadav looked at three biopsies of a non-vascularised fibular graft during 
revisions. All three showed clear evidence of vascularisation 36
The time to achieve union may be highly influenced by the level of 
vascularisation within the graft. Primary union of vascularised fibular grafts has
19
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been observed in 86% to 92% of cases at a mean of 4.5 to 12 months 16. In animal 
experiments, however, Dell et al. found no substantial difference between non- 
vascularised and vascularised in time to consolidation or in the incidence of union 7. 
Enneking 11 found primary union in 63% of the long bone reconstructions with 
non-vascularised fibular grafts within the first 12 months and Yadav 36, union after 
8 to 10 months in 60%. Single fibular grafts have had a high rate of failure when 
used to reconstruct or stabilise segmental defects. In the series of Enneking the 
incidence of non-union in single fibular grafts was 43%, but when compared with 
double grafts the difference was not statistically significant 11. Yadav had a rate of 
non-union of only 8% with double fibular grafts but with rigid stabilisation 36. The 
risk of fatigue fracture is related with the length of the graft, the fixation mode, 
hypertrophy and the site of the defect. The complication rate at the donor site for 
vascularised grafts has been reported to vary between 7% and 35% 35. It appears 
to be higher than for non-vascularised grafts which complication rate has been 
reported to vary between 4% and 12% 11.
In conclusion a non-vascularised fibula graft needs a long healing period and the 
fracture risk with this technique is high, which necessitates an undesirable long 
non-weight bearing treatment after surgery.
Vascularised fibula structural auto graft
Capanna reported the results of treatment using vascularised fibula grafts 
combined with a massive allograft in large oncological bone defect reconstructions 3. 
In their study 90 patients were treated. Thirty-three cases involved intercalary 
resection of the femur, and 57 involved resection of the tibia. The average resection 
length was 16 cm (range, 7-26 cm). The average follow-up was 9 years (range, 
3-17 years). Complications related to the reconstruction included infection in 
seven cases (7.5%). In eight cases a non-union of the osteotomies occurred 
(8.8%). Non-union was more frequent at the tibial level (10.5%) than in femoral 
reconstructions (6%). A fracture was observed in 12 cases (13.3%) with an 
expected prevalence in the femur (18%, versus 10.5% at the tibia). In the entire 
series of 90 patients, 25 had a complication requiring a surgical revision (27.7%) 
with an average of a single operation needing to be performed. Failure of the 
reconstructive technique occurred in six cases (6.5%), four because of an infection 
and two because of a fracture of the combined allograft. One patient underwent 
amputation, and five patients required revision of the reconstruction.
In posttraumatic reconstructions, Platz et al. have compared the results of
20
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three different reconstructive techniques: autogenous vascularised fibula (VF), 
bone regeneration with external fixator, and intercalary massive allograft 27. The 
success rates were 83%, 94%, and 83%, respectively. The number of reoperations 
was respectively 5.2, 3.6, and 5.2 per patient respectively, and total weight bearing 
was allowed at an average of 16, 7.6, and 10.7 months, respectively. The authors 
concluded that bone regeneration with external fixator was the best choice in 
bone loss of less than 5 cm, intercalary massive allograft was indicated with a 
gap of 5 to 12 cm, and VF had to be considered for a bone loss exceeding 12 cm. 
Complications related to the VF auto graft technique applied to replace bone loss 
in orthopaedic oncology are; donor-site morbidity including ankle joint instability 
in children, a rare lateral compartment syndrome (peroneal muscles), and a 
subclinical gait alteration observed by gait analysis. The failure rate of the 
anastomosis has been reported to range from 4% to 17%. Complications related 
to the technique were observed in 53% of cases in limb reconstructions 13. Early 
fusion of the transplanted fibula was commonly observed within 4 months with a 
non-union rate ranging from 0% to 10% 16. Stress fractures of the fibula were 
frequent, ranging from 10% to 32% and often requiring surgical revision 16. 
Progressive hypertrophy of the fibula secondary to repeated stress fractures and 
callus formation is a slow process, requiring 1 to 2 years in the tibia and 2 to 3 
years in the femur. Capanna proposes the combination of a massive allograft and 
a VF auto graft 3. During the first and the second year after implantation, the 
massive allograft mechanically supports the VF, avoiding the risk of displaced 
fractures and decreasing the number of stress fractures. With time a progressive 
fibular hypertrophy will take over strength of the allograft. The overall success rate 
of the technique was 93.5%, compared with 80% and 85% with allograft alone 
and VF alone, respectively. Seventy-three percent of the patients healed after the 
first operation and did not require any additional surgery. In reconstructions using 
allograft alone, only a minority of patients eventually healed after the first operation, 
and between 37% and 73% of patients underwent repeated revision surgical 
procedures. Ortiz reported an average of two additional surgical procedures in 
51% of their cases of allograft alone. When the VF was implanted alone, an 
average of 2.6 surgical procedures was required to achieve a successful result in 
80% of cases.
In conclusion VF is used successful to treat large bony defects, but the technically 
demanding surgery, and re-fracture rate make this technique less appealing.
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Massive cortical allografts
Bone allografts have long been used to repair skeletal defects. They offer an 
attractive alternative to bone auto graft because their supply is less limited and 
avoids donor site morbidity. However, the safety of any bone allograft remains a 
major concern. To exclude donors, who are at risk for the transmission of disease, 
screening protocols have been issued. The transmission of hepatitis C virus 
(HCV) and the human immunodeficiency virus (HIV) through bone grafts has 
been well documented. Although HIV is important, HCV is more prevalent and 
carries more risks for transmission. Bacterial contamination of the allograft can 
occur and may result in amputation. If long allograft bones are retrieved in 
mortuaries, bacterial contamination is higher than in an operating theatre, and the 
subsequent rate of discard is higher. To overcome this problem bone can be 
processed under strict aseptic conditions or be sterilised at the final stage, usually 
with irradiation at the usual dose of 25 kGy. The main ways to preserve bone are 
through freezing at -0°C, in liquid nitrogen at -196°C, or freeze-drying. Deep-frozen 
bone, whether irradiated or not, retains its original mechanical properties. 
Non-irradiated freeze-dried bone also retains its mechanical strength, but 
irradiation of dried bone will substantially reduce its mechanical capacity. 
Freeze-dried and sterilised bone can provide some mechanical support, mainly in 
compression, but because it is less resistant it must be used in an area that will 
be mechanically protected, with or without osteosynthesis. Frozen bone can be 
handled and reshaped like normal bone and is fully workable, but freeze-dried 
bone, unless re-hydrated in saline, is brittle like ceramic, and is not fully workable. 
The surgeon must be aware of the material properties of freeze-dried bone. The 
use of freeze-dried bone is therefore recommended for small contained defects 
and frozen material for large or uncontained cavities. Reconstruction with massive 
frozen allografts, however, depends on an organized bone bank 8.
Massive bone allografts have been used for reconstruction after tumour 
resection and revision arthroplasty and more rarely after trauma and remain an 
option for reconstructing large bony defects, where they can provide immediate 
structural support associated, if necessary, with prosthesis, an osteosynthesis or 
a vascularised fibular graft 19. Several advantages and complications of massive 
allografts have been reported. Massive allografts offer anatomical reconstruction 
of the skeletal defect, biological union to host bone through callus formation, 
soft-tissue adherence around the grafted bone, the possibility of tendon 
reinsertion, and the concomitant use of a prosthesis. There is no limit to the length 
of bone defect to be reconstructed, no donor-site morbidity, and the technique is
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relatively simple and requires a shorter surgical procedure. However, they are 
poorly revascularised, and non-union or fracture will occur in 15% to 20% of cases 3. 
Vander Griend found an incidence of non-union of 11% with large frozen allografts 34. 
The mode of fixation had no influence on the rate of non-union. An initial gap of
3 mm appeared to be critical in the development of a non-union. The diaphyseal 
junction healed between nine and 12 months, whereas that in the metaphysis 
united more rapidly, usually by six months. The mode of osteosynthesis is still a 
matter of debate and a main subject of investigation in this thesis. The aim of 
fixation should be to obtain uniform contact between host and allograft bone, 
with a stable interface. This is achieved more easily with plating than with nailing. 
The use of a step-cut to improve rotational stability when intramedullary fixation 
is used requires the ends of the bones to be well matched in size. Although 
step-cutting augments the contact surface of the bone ends, it is not associated 
with a better rate of union. Fractures occur in about 16% of massive allografts and 
are usually seen two years after implantation 2. Fracture may jeopardise the 
outcome of a massive bone graft and its occurrence remains unpredictable. 
Structural fracture through the shaft of the allograft is usually irreversible because 
of the limited intrinsic healing potential. Spontaneous healing may be seen rarely. 
Replacement of a fractured allograft should normally be undertaken. It is generally 
believed that most fractures of structural allograft occur through areas where 
revascularisation and ingrowth of host tissue are absent or insufficient. As with 
any inorganic material, a bone allograft will show fatigue, with the appearance of 
micro- and then macro-cracks and ensuing failure. Enneking investigated massive 
bone allografts, which were retrieved after failure, and observed both a gradual 
reduction in the strength of the bone and an increase in crack density following 
implantation 12. Such potential complications should be managed either by 
mechanical reinforcement of the allograft by cementing the medullary canal or by 
improving revascularisation through cortical perforation. Perforating an allograft 
may present a higher risk of fracture in the short term while reducing it in the 
longer term due to better bone ingrowth. Infection of an allograft is another 
devastating complication. Intercalary reconstructions with massive allografts 
have an infection rate of 11% (range, 5%-18%) 33. A risk factor for infection was 
adjuvant treatment, particularly when both chemo- and radiation therapy were 
delivered. In cases of infection, failure of the reconstruction requiring allograft 
removal was observed in 80% of cases. Massive immune reactions to the allograft 
are seen in less than 1% of cases. Considering all possible complications, massive 
intercalary allograft reconstruction showed a success rate of 80% to 85% 3.
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Nevertheless only 27% to 63% of patients healed after just the initial operation. 
Ortiz reported that 51% of their patients required an average of two additional 
surgical procedures to achieve a stable, satisfactory result 22.
In conclusion massive allografts are successfully used but have the disadvantage 
of high infection and non-union rates combined with limitations in supply.
The limited direct load ability, non-union and fracture rates and lengthy treatment 
time of all of the above mentioned reconstruction techniques is undesirable and 
therefore alternatives are warranted to improve treatment options for these 
complex cases.
Cage reconstructions
Attias reported a case series of three patients who sustained open Gustilo-Anderson 
Type IIIB tibia fractures associated with extensive segmental bone and soft tissue 
loss 1. The patients initially were treated with serial wound irrigations, debridement, 
and external fixation. After the soft tissue envelope was reconstructed successfully, 
each large segmental bone defect was reconstructed with a cylindrical titanium mesh 
cage packed with a composite of cancellous allograft and demineralised bone matrix 
putty and stabilized with a statically locked intramedullary nail. The mean segmental 
bone loss was 12.2 cm, and all patients had a minimum 1-year follow-up. One year 
after reconstruction, radiographs showed stable, well-aligned, healed constructs, and 
computed tomography images verified the presence of bony ingrowth throughout 
the cages. All patients were able to ambulate with full weight bearing, and had 
good ipsilateral knee, hip, and ankle range of motion. This technique seems to be 
a reasonable alternative for treating large segmental tibial bone defects. Ostermann 
presented similar results in a single case reconstruction of an open tibia fracture 23. 
However, he performed the reconstruction before the soft tissue coverage of the 
defect, which was done directly after the bony reconstruction. The basic advantages 
of this technique are: (1) it can use readily available implants; (2) the surgery is 
relatively easy; (3) it can be used in combination with cancellous allograft avoiding 
the problems associated with the donor site (4) it might achieve immediate limb 
stability; (5) it could restore limb length and alignment; and (6) it could permit early 
limb and joint mobilization. Its theoretical disadvantage is a higher risk of infection 
when treating an open fracture and the fact that a metal cage remains in place, which 
could lead to long-term complications.
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In conclusion although the cage technique is not yet proven in preclinical studies or 
large clinical studies it appears to be a potent attractive treatment option.
Trabecular metal reconstructions
A few recent case report series describe a technique using Trabecular metal 
implants to reconstruct large bone defects combined with the stem fixation of an 
arthroplasty 415. One case report describes the use of a custom prosthesis for 
salvage total hip arthroplasty after a proximal femoral resection, for a patient with 
a history of a comminuted hip fracture and subsequent postoperative infection. 
Two component parts of the salvage prosthesis were a modular porous tantalum 
sleeve (Trabecular Metal) and a porous tantalum inset and washer intended for 
reattachment of the abductors. Throughout the 3-year follow-up of this patient, 
functional recovery and pain relief were obtained with few limitations 4.
In the case series of Holt the results of porous tantalum endoprostheses used 
to reconstruct large skeletal defects following resection of bone tumours were 
presented 15. Seven custom tantalum implants were used to reconstruct 7 patients 
following resection for skeletal sarcomas in the femur and proximal tibia. Patient 
ages ranged from 13 to 71, with a mean of 34 years. Minimum patient follow-up 
was 6 years. The average Musculoskeletal Tumour Society functional evaluation 
score was 95 % of normal. There were no infections, hardware failures, or adverse 
events. One implant was revised 98 months post insertion because of fibrosis, 
loss of motion and loosening. In this small clinical series, the use of porous 
tantalum for limb salvage reconstruction is shown to be safe, to successfully 
provide osteointegration and soft tissue ingrowth, and to facilitate return of limb 
girdle muscle function. Porous tantalum implants are now commonly used in 
primary and revision arthroplasty surgery.
In conclusion porous tantalum may be suitable for reconstructing massive 
(oncological) defects by providing initial structural stability, implant osteointegration, 
and soft tissue attachment. The downsides could be the infection risk and the 
bone stock is not restored for possible revisions in the future.
Problem statement
As described above the current treatment modalities to allow healing of these 
large bone defects while maintaining limb length, alignment and satisfactory 
function, remains a challenge. Limb reconstruction in the presence of significant 
bone loss usually involves surgery, which is technically difficult, time-consuming,
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may induce infections, physically and psychologically demanding for the patient, 
and with no guarantee of a satisfactory outcome. The function of the salvaged 
limb may be disappointing due to residual pain, joint stiffness and neurovascular 
deficit. The patient may require a secondary amputation due to infection, 
recurrence of tumour or non-union. The defects configuration and patient 
characteristics have a wide variation making it impossible to treat them according 
to a fixed in a protocol and a custom made treatment plan is often required. The 
above stated case reports describing the results of reconstructions using cages 
and Trabecular metal are promising. The number of patients treated with these 
techniques are, however, small and need further preclinical investigation to the 
important determinants which lead to success or failure.
The overall aim of this thesis is to develop and test various solution scenarios to 
reconstructing these large defects towards the ideal situation which will allow for 
direct postoperative weight-bearing, avoid external fixation and do not require 
multiple procedures.
The methods of fixation, the various load-transfer mechanisms on the reconstruction 
and the consequences of damage to the periosteum will affect the long-term 
outcome and might have positive effects on union with the graft/bone replacement 
material which should be obtained in the long term for lasting stability. These 
issues lead to the more specific our aims of this thesis.
Specific aims of the study
1 To determine the survival and complication rates of bone defect reconstructions 
using massive allografts in oncology patients and define if the complications 
are related to the mode of fixation.(Chapter 2)
2 To investigate if impacted morsellized bone graft in a cage is stable enough 
to be used in a safe way for the generation of a directly postoperative loaded 
reconstruction of a large diaphyseal defect. (Chapter 3)
3 To develop a clinical relevant animal model that allows testing of critical 
variables in new reconstruction techniques of large critical sized defects. 
(Chapter 4)
4 To study if impacted morsellized bone grafts in a cage can be used in the 
developed model for the reconstruction of a large diaphyseal defect. (Chapter 4)
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5 To study the influence of static or dynamic nail fixation on bone healing in 
reconstructions of segmental defects with cages filled with impacted bone 
graft. (Chapter 5)
6 To study if trabecular metal can be used for the reconstruction of large 
segmental bone defects. (Chapter 6)
7 To study the influence of periosteum on healing in reconstructions with 
trabecular metal, in combination with intramedullary nail fixation. (Chapter 6)
8 To study if plate fixation can induce healing in segmental bone defects 
reconstructed with trabecular metal without periosteal coverage. (Chapter 7)
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Abstract
Reconstructions of large segmental bone defects after resection of bone tumours 
with massive structural allografts have a high number of reported complications 
including fracture, infection and non-union. Our goal is to report the survival and 
complications of massive allografts in our patients. A total of 32 patients were 
evaluated for fracture, infection, non-union rate and survival of their massive 
allograft reconstructions. The average follow-up for this group was five years and 
three months. The total fracture rate was 13% with a total infection rate of 16%. 
We found a low union rate of 25%. The total survival of the allografts was 80.8% 
(± 18.7%) after five years. We found a five-year allograft survival of 80.8% which 
is comparable with other studies.
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Introduction
Limb-saving surgery of bone tumours has increased due to improvement in 
imaging, adjuvant chemotherapy and radiotherapy. Bone tumour resections result 
in large segmental bone defects. Large massive cortical allografts, large 
endoprostheses or a combination of both (composite) are the state of the art for 
reconstruction. Allograft fixation can be achieved with internal fixation devices 
(plate, intramedullary nail) as an intercalary graft or with the stem of an 
endoprosthesis (composite) [3, 4, 8]. However, the use of massive allografts has 
a high number of reported complications such as like fracture, infection and 
non-union [2-4]. The purpose of this study was to analyse the number of 
complications (fracture, infection, non-union) and survival of massive allograft re­
constructions in our patients.
Patients and methods
Our investigation encompasses 32 patients who had a cylindrical segmental 
allograft reconstruction of the femur, tibia or humerus. All 32 reconstructions were 
performed between April 1992 and May 2005 at our department. The mean age 
of the 18 female and 14 male patients was 27 years (range: 6-78 years) at the time 
of operation. The diagnoses included 14 osteosarcomas, five Ewing’s sarcomas, 
five chondrosarcomas, two adamantinomas, three giant cell tumours, one plasma­
cytoma, one haemangioma and one haemangioendothelioma. The minimum 
follow-up was one year, except in cases of death or allograft failure. The average 
follow-up was five years and three months (range: 1 month-14 years and 4 
months). No patients were lost to follow-up. In 18 cases the lesion was close to 
the joint and the defect was reconstructed with an allograft-prosthesis (Waldemar 
Link, Hamburg, Germany) composite and included eight knee, six hip and four 
shoulder prostheses. In these patients the graft was fixed by means of the stem 
of the endoprosthesis (Fig. 1). An allograft in combination with an arthrodesis nail 
(Waldemar Link, Hamburg, Germany) was used in three patients after resection 
of the knee joint including the extensor apparatus. In 11 cases with adequate 
margins in relation to the joints, fixation of an intercalary allograft was performed 
with an intramedullary nail and/or plate (Synthes, Philadelphia, PA, USA). Of the 
total group 15 defects were reconstructed in the femur, 11 in the tibia and six in 
the humerus, with a total of 43 host-donor junctions. Of these, 11 were meta­
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physeal and 32 were diaphyseal 
junctions. The surgical procedure 
consisted of resection of the lesion 
with appropriate bone and soft tissue 
margins. All grafts were fresh deep- 
frozen. The allograft was thawed in a 
warm saline solution, cut to proper 
length, sized to fit the bone defect and 
inserted. All allograft-host junctions 
were made with a transverse osteotomy. 
Antibiotics (Cefacidal 3 times 1 g) 
were given intravenously according 
to a standard prophylactic protocol. 
Progressive passive range of motion 
exercises started one week after 
surgery, followed by partial weight­
bearing until 12 weeks postoperatively. 
After three months full weight- bearing 
was allowed. Most patients were seen 
postoperatively at three months, six 
months, one year, two years, five years 
and then every three years. Plain 
radiographs were taken at every visit 
and the functional score of the Musculoskeletal Tumour Society (MTST) was 
recorded. The clinical records and all the follow-up radiographs were reviewed for 
each patient. Union of the allograft-host junction was considered to have occured 
if the junction line was no longer visible or the junction was bridged by periosteal 
bone on the anteroposterior and lateral radiographs. The allograft survival rate 
was estimated using the Kaplan-Meier test. Fracture/failure of the reconstruction 
or allograft removal either as a revision procedure or amputation was considered 
as an endpoint of survival.
Results
A fracture occurred in four patients (13%). Two patients had a reconstruction with 
plate fixation and two a reconstruction with an arthrodesis nail. In five patients an
34
#
Figure 1
Fixation of the allograft with the 
stem of the endoprosthesis, non­
union 24 months postoperatively
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infection was observed (16%). Infection occurred in two patients with internal 
fixation, one with an arthrodesis nail and in two patients with an endoprosthesis. 
Non-union was observed in four patients with internal fixation and in 12 patients 
with an endoprosthesis leading to a union rate of 25%. Overall survival of the 32 
allograft reconstructions was 93.5±8.6% at one year and 80.8±18.7% at five years 
(Fig. 2). The average postoperative MTST functional score of the group was 21.8 
points (max. 30) or 72.7% at the last follow-up.
Figure 2
Survival curve of the massive allograft reconstructions
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Complications
Of the 32 patients, four patients died of pulmonary metastases during follow-up. 
In these patients the last examination was taken as follow-up. Twenty-five patients 
were continuously disease free, and three patients had no evidence of disease 
after resection of a local recurrence.
Three patients had an amputation. In one patient with an endoprosthesis an 
amputation was carried out after one month when positive margins of the resection 
were found. One patient had an amputation after five months due to a deep 
infection of the intercalary graft. The third patient had an amputation of graft and 
endoprosthesis after 87 months for local recurrence. One patient had an 
intercalary allograft removed due to a deep infection (at 159 months). After
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Figure 3
Non-union and failure of 
fixation in an intercalary allograft 
reconstruction
débridement and removal of the graft 
a mega-prosthesis was implanted. 
Two patients with an endoprosthesis 
had a deep infection leading to a 
chronic fistula which was not treated. 
In the intercalary graft group two plate 
fractures were observed leading to a 
stable fibrous non-union in one and a 
revision in the other (Fig. 3). All three 
patients with an arthrodesis nail suffered 
from complications. One had a deep 
infection which was débrided and 
treated with local antibiotics and two 
developed a fracture of the arthrodesis 
nail which was treated with a revision 
of the nail.
Discussion
The high fracture rate of up to 38% after allograft reconstructions reported in 
several studies was related to irradiation, stress concentration near the end of a 
fixation device and screw holes used for plate fixation [10, 13, 14, 18]. The fracture 
risk of plate fixation is supported by our study, as two of the four fractures that 
occurred were after plate fixation. The fracture rate of 13% was low in our study 
group probably due to a high number of patients treated with an endoprosthesis 
with a long solid stem. Reconstructions with an arthrodesis nail are associated 
with a high rate of complications and a reported survival of 54% after five years 
[9]. Donati et al. [5] reported reoperations after arthrodesis nail reconstructions in 
more than 50% in their study. Although we only used the arthrodesis nail in three 
patients complications occurred in all (two fractures and one infection). Failure is 
most likely caused by high concentrations of stress at the site of the former knee 
joint and ends of the fixation. It seems that the arthrodesis nail should be used
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only in cases where no alternatives are available. Our infection rate was 16%. 
These rates are comparable with other studies that reported rates varying from 8 
to 19% [3, 4, 12]. Non-union was seen in 68% of the total group. Nonunion was 
related to fixation with an endoprosthesis in 75%. This relatively high number of 
non-unions is probably caused by stress shielding of the large stems that leave 
the osteotomy site relatively unloaded. Despite non-union an endoprosthesis in 
combination with an allograft appeared to be stable since no failures of 
reconstruction were observed in this group. Non-union was seen in 44% of the 
patients with an intercalary graft with internal fixation. Non-union in combination 
with a plate fixation led to failure of fixation in 50%. Non-union seems to be a risk 
factor for failure in the group with a plate fixation device. The union rate is reported 
to be influenced by stability of fixation and degree of contact between host and 
graft. Other factors decreasing union rates are chemotherapy and radiation [9, 
10, 13, 14]. Metaphyseal junctions have a lower non-union rate as compared to 
the cortical diaphyseal junctions [3, 4, 6]. This difference will also influence the 
non-union rate of the endoprosthetic reconstructions in which the grafts have 
predominantly diaphyseal junctions.
Deijkers et al. [3, 4] reported a functional MSTS score of 77% after segmental 
reconstructions. Lietman et al. [10] reported a range of 58-92% MSTS score. The 
average functional score of 73% in our study is comparable with these reports. 
The five-year survival of 81% of all the allograft reconstructions in our study is 
consistent with others [11, 20]. Mankin et al. [11] reported an allograft survival of 
76%. In this last study a subgroup with intercalary grafts had a survival of 84% 
compared to 73% of osteoarticular grafts and 77% for allograft-endoprosthesis 
reconstructions. Musculo et al. [13, 14] reported an intercalary graft survival of 
79% after five years. Enneking and Campanacci [6] reported only partial 
incorporation of the allograft in a retrieval study and union occurred slowly with an 
average of 12 months. These findings indicate that the allograft only partially 
supports the overall strength of the entire reconstruction. Since intramedullary 
nails and plates are only intended as a temporary fixation, we anticipated a higher 
failure rate in this group as in the study of Wedin and Bauer [19] who reported a 
lower failure rate in endoprosthetic reconstructions of metastatic lesions in the 
proximal femur compared to reconstruction nails. However, we found no difference 
in survival between massive allograft fixation with an endoprosthesis or internal 
fixation device. Cement used to augment internal fixation could improve the 
strength of the reconstruction [7]. Cement, however, will be more demanding to 
manage in revision procedures and may obstruct a biological fixation.
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A study of Zehr et al. [21] showed fewer dislocations of a composite 
reconstruction compared to a reconstruction with only a mega-prosthesis. 
An endoprosthesis in combination with an allograft has the advantage of load 
sharing. Furthermore, tendons can be reattached to soft tissue left on the graft. 
A composite reconstruction is more often complicated by infections. The survival 
of the composite was better than the mega-prosthesis although the difference 
was not significant.
Reconstructions with an endoprosthesis lead to a predictable outcome. 
Endoprosthetic reconstructions, however, are associated with complications 
such as loosening and dislocation of the implant [15, 17] causing the survival of 
an endoprosthesis to deteriorate in time. Reconstructions with intercalary grafts 
are less predictable due to a higher complication rate in the first three years. After 
three years the survival of intercalary grafts remains stable [1]. A further advantage 
of intercalary grafts is the preservation of the opposite growth plate in the young 
[2, 16]. Each method of fixation has its own advantages, indications and limitations. 
The numbers in this study are too small to draw firm conclusions. The comparison 
with other studies is difficult because every reconstruction is different in diagnosis, 
localisation, fixation, adjuvant therapy, soft tissue envelope and size of the defect. 
Host-graft contact and size fitting of the graft are other important factors 
influencing results [3, 4, 13, 14]. The study has a limited follow-up although 
sufficient as failure predominantly occurs in the first three years [3, 4].
Conclusions
We found a five-year survival of massive allograft reconstructions of 80.8%, which 
is comparable with other studies.
Open Access
This article is distributed under the terms of the Creative Commons Attribution 
Noncommercial License which permits any noncommercial use, distribution, and 
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Abstract
Introduction
Reconstructions of segmental diaphyseal bone defects with massive allografts 
are related to complications like nonunion and fractures. A reconstruction of these 
defects with a cage filled with an impacted morsellized bone graft could be an 
alternative. The bone graft in these cages should ideally be loaded to prevent 
resorption. Loading of morsellized bone grafts however can cause instability. The 
goal of this study was to assess the stability of an impacted morsellized bone 
graft in a cage under dynamic loaded conditions in an in vitro reconstruction of a 
segmental diaphyseal bone defect. The second goal was to assess the influence 
of cage type, washing of the graft and bone-cage fit.
Materials and methods
Two different cage types were filled with impacted morsellized bone graft. The 
grafts were used washed and unwashed and in variable bone-cage fit conditions. 
We recorded the bone graft deformation in the cage under dynamic loaded 
conditions.
Results
Stability appeared to be not very sensitive to the cage type and whether the bone 
chips were washed or not. However, quality of the fit of the cage with the bone 
segment was an important parameter and should be optimized during surgery.
Conclusions
Morsellized impacted bone graft in a cage is stable in dynamic loaded conditions 
in an in vitro reconstruction of a segmental diaphyseal bone defect. We believe 
that this method of reconstruction is a promising alternative for the reconstruction 
of large diaphyseal bone defects and should be tested relative to its biological 
merits in animal experiments.
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Introduction
Large diaphyseal bone defects can be the result of trauma, osteomyelitis and 
resection of bone tumors. These segmental defects are often reconstructed with 
structural cortical allografts, which provide initial mechanical strength [15, 17]. 
However, in-growth of these structural cortical bone grafts is limited and is 
therefore associated with long-term problems like nonunion and fatigue fractures. 
These complications result in survival rates of only 64-76% after 10 years [7, 9, 
29]. In two case reports an alternative method of reconstruction was described 
using cylindrical metal cages filled with morsellized bone graft combined with 
intramedullary fixation [8, 21]. A study analyzing retrievals of failed spinal cage 
reconstructions reports only 30% viable bone in the cages [26]. This could be 
caused by stress shielding of the cage. Bone grafts incorporate without load due 
to a trauma response. However, in the long term, load seems to be another 
important factor in bone healing by stimulating bone remodeling and maintaining 
bone quantity and quality [10, 18]. If the load is absent the bone will degrade over 
time; but if the bone is loaded, studies with morsellized bone grafts in reconstruc­
tions have shown that it remodels into healthy bone [16, 22, 23]. It is our aim to 
reconstruct segmental diaphyseal defects with a cage that contains bone grafts 
which are mechanically loaded and hypnotized that clinical results can thereby 
be improved.
The graft in the diaphyseal cage reconstruction of Cobos [8] could be loaded 
by removing the load-transfer to the cage and facilitate load-transfer directly to 
the morsellized bone graft (Fig. 1). This is achieved by allowing the cortical host 
bone to rest on the graft instead of the cage. The reconstruction could be stabilized 
with a dynamized intramedullary nail instead of a statically locked nail. Obviously 
the morsellized bone graft needs to provide stability, which can be achieved by 
impaction, and could subsequently carry a large portion of the dynamic in vivo 
load. The question of this study was if an impacted morsellized bone graft in a 
cage would be stable enough under dynamic loading conditions in an in vitro 
reconstruction. Deformation of the graft should not exceed 6-10 mm, which is the 
dynamic range of the slotted holes in commercial intramedullary nails, which is 
obviously limited to prevent leg length discrepancy. More specifically we assessed 
the effects of two different cage types, washing of the bone grafts (which could 
have an effect on the stability properties of the bone grafts), and mismatch 
between the fit of the circular cage and the irregular host-bone (containment) on 
the stability of the reconstruction.
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Figure 1
Loading patterns in a static and dynamic reconstruction
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Materials
We tested four groups with three variables; cage type, preparation of the graft 
(standard or washed) and bone-cage fit (Table 1).
Two types of cages were used in this study. The first cage was a prefabricated 
titanium Harms cage, commonly used for spinal applications but with potential 
application possibilities to reconstruct segmental bone defects (DePuy Motech, 
Warsaw, IN, USA). The height of the cage was 4.5 cm and it was ellipse-shaped 
(diameter of 22 £ 28 mm) and had a pore size of 4 £ 6 mm (Fig. 2). The second 
cage was a stainless steel mesh, commonly used for reconstructions in hip 
revision surgery (Stryker Howmedica X-Change system, Newbury, UK), which
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Table 1
Variables of the test groups
Group 1 Group 2 Group 3 Group 4
Harms cage Mesh cage Harms cage Harms cage
Unwashed graft Unwashed graft Washed graft Unwashed graft
Contained fit Contained fit Contained fit Uncontained fit
Figure 2
Harms cage Filled with bone 
graft in a contained and loaded 
condition
was cut to a height of 4.5 cm and folded into a cylinder with a diameter of 24 mm. 
This mesh was fixed with three cerclage wires (Fig. 3) and deformed by hand to a 
diameter of 22 £ 28 mm. The mesh had a pore size of 3 £ 3 mm. The morsellized 
bone graft used to fill the cages was harvested from a fresh frozen bovine 
distal femur. The distal femurs were sectioned longitudinally into two parts, and
the cartilage and cortical bone were 
removed. Cancellous bone was nibbled 
by hand using a rongeur that produced 
large pure cancellous bone chips. 
The bone chips were subsequently 
processed in a Noviomagus bone 
mill (Spierings Medische Techniek, 
Nijmegen, The Netherlands) with the 
smallest rasping blade leading to a 
particle size of about 2 mm. In the 
group with the washed graft, the graft 
was washed using 2 l of saline with a 
pulse lavage jet (Stryker, Newbury, UK).
In the last group (Table 1) the graft 
was loaded with a plunger (cylinder 
with a 22 mm outer diameter and 14 
mm inner diameter), which did not 
completely seal oV the cage leaving 
some space for a possible escape of 
the graft under load between the 
plunger and the cage and between the
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Figure 3
Stryker mesh cage
Figure 4
Mismatch between Harms cage 
and cylindrical plunger leading 
to un-containment
plunger and the intramedullary nail of 10 mm (Fig. 4). This situation mimics clinical 
reality where a cage sometimes does not ideally fit around the host bone. In the 
other groups an ellipse-shaped plunger (22 £ 28 mm outer diameter and 10 mm 
inner diameter) was used which sealed off the cage and nail leading to a full 
containment of the graft (Fig. 2).
Methods
The cages were filled in five layers with a total of 28 g morsellized bone graft. After 
each layer 10 standardized impactions were made with a mass of 1.5 kg (Fig. 5). 
The mass was dropped from a height of 35 cm. The last layer was followed by 40 
impactions of the same weight. After the final impaction the remaining height of 
the graft layer that was inside the cage was approximately 35 mm. At the center 
of the grafted cage a 10 mm thick nail was located to mimic an intramedullary nail 
(Fig. 6). The graft in the cage was axially loaded using an MTS loading device 
(MTS Systems Corporation, Minneapolis, Minnesota, USA). An initial preload of 
30 Newton was applied to pre-condition the reconstruction. Subsequently a
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dynamic load was applied with a maximum of 600 N for a period of 800 cycles 
and then raised to 1,200 N for another period of 800 cycles (frequency of 1 Hz). 
During loading, the displacement of the plunger into the graft material was 
recorded. In each group Wve cages (N = 5) were filled with bone graft and tested 
according to this protocol.
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Statistical analysis
The ultimate subsidence values, at the end of testing the different groups, were 
statistically analyzed using ANOVA with a significance level of P = 0.05.
Results
Deformation of the graft material showed a typical visco-elastic/plastic response 
with a high deformation rate at the beginning of a loading period which leveled off 
with the number of loading cycles (Fig. 7). During loading, escape of fat through 
the cage openings was observed. There was no escape of bone graft through the 
openings of the mesh or the cage. Similarly, we observed no extrusion of bone 
graft particles at the locations of uncontained fitting of the cage (group 4). The 
cancellous graft had a compacted appearance after impacting and subsequent 
loading, and was difficult to remove out of the cage and mesh. The cage and 
mesh deformed showed negligible visible deformation. The cerclage wire around 
the mesh was strong enough to withstand the loading forces.
The Harms cage and mesh cage, which contained unwashed bone grafts 
were relatively stable with a maximal average subsidence of 2.90 mm (8.3% loss 
of volume) and 4.13 mm (11.8% loss of volume) for the Harms cage and mesh
Figure 7
Height of the graft column in mm under dynamic loaded condition
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cage, respectively. Hence, both reconstructions provided an adequate stability of 
which the subsidence did not exceed the limit of 6 mm (Table 2). In terms of stability, 
the more rigid Harms cage was superior to the mesh cage with deformations that 
were significantly smaller at both load levels of 600 N (P = 0.004) and 1,200 N 
(P = 0.001). Washing the bone grafts had surprisingly little effect on the stability 
of the reconstruction. Hence, no statistical effect of this parameter on the 
deformation values was found; at a load of 600 N (P = 0.981) and 1,200 N 
(P = 0.882). The stability appeared to be susceptible to the quality of fit between 
the cage and the plunger. The uncontained unwashed bone graft in a Harms 
cage was not stable enough and exceeded the compression limit of 6 mm at a 
load of 1200 N (Table 2). The effect of containment of the unwashed graft in 
the Harms cage was significant at a load level of 600 N (P = 0.001) and 1,200 N 
(P < 0.001).
Table 2
Deformation of the graft in mm under loading
Group 1 Group 2 Group 3 Group 4
600 N 2.10 mm 3.16 mm 2.10 mm 3.80 mm
(1.85-2.41) (2.21-4.83) (1.97-2.25) (2.81-4.39)
1,200 N 2.90 mm 4.13 mm 2.95 mm 6.23 mm
(2.64-3.22) (3.12-5.82) (2.81-3.10) (5.38-7.06)
Discussion
Large segmental diaphyseal bone defects are commonly reconstructed using 
large massive cortical allografts. However, incorporation of these grafts is limited 
and therefore associated with long-term problems like nonunions and failure. 
Furthermore, they are expensive and carry the risk of transmitting diseases [20]. 
Therefore alternatives are required. The drawback is that only a small number of 
publications exist probably owing to the variety of patients with a different 
diagnosis and stages of diseases making comparison almost impossible [7, 9, 
13, 20]. Direct postoperatively cortical grafts obviously have better mechanical 
properties as compared to morsellized bone graft. However, from a biological
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perspective the in-growth of a cancellous bone-graft is superior to a cortical 
bonegraft, which results in a higher incorporation and union rate, and therefore 
superior long-term characteristics can be expected [15, 17].
The reconstruction with a cage containing a loaded bone graft potentially may 
have adequate biologic features for the morsellized graft and sufficient initial 
mechanical features owing to a combination of impaction and containment in a 
cage/mesh [23]. Although the microstructure of the morsellized graft diminishes 
somewhat after impaction and subsequent loading, it is still less dense than the 
structural cortical graft which should provide for superior biological properties [6].
The application of structural grafts is also limited by the fact that it is often 
difficult to obtain an adequate fit between the graft and the host bone. An intimate 
host graft junction, which facilitates union, is virtually never achieved. The open 
structure of the cages facilitates in-growth and neovascularization in the large bone 
defect [5]. However, in-growth can be limited in oncological resections due to the 
lack of periosteum and adequate soft tissue coverage. A biological reconstruction 
in these cases especially with adjuvant chemo and radiotherapy is probably difficult 
to achieve. The intramedullary nail and the cages used (Harms and Stryker mesh) 
have a proven human application. Therefore, it is likely that the combined use of 
these materials will not trigger any unexpected adverse biological processes and 
are in this respect safe to use [8, 23, 25]. An incorporated metal mesh, however, 
can induce stress shielding in the long term. Resorbable meshes may reduce 
stress shielding but lack suffcient intrinsic stability to withstand the loads applied.
In this study it was shown that graft stability was influenced by containment. 
Although the graft was rather stable and forgives some un-containment, this 
study shows that the cage should fit around the bone optimally in order to maintain 
an adequate stability.
The stability of the graft may be explained by the fact that the chips of bone 
graft get entangled after impaction, which increases the inter-particle shear 
resistance [1, 4]. This is probably the explanation why no protrusion was observed 
of graft material through the pores in the cages even though the pore size of the 
cages exceeded the chip size.
The titanium Harms cage is more rigid than the Stryker mesh and consequently 
shows less deformation when loaded. This probably explains the difference in 
stability between the two groups. The Stryker mesh, however, can be folded for a 
custom fit leading to a better fit and consequently a better containment of the 
bone chips. From that perspective the mesh shows more promise from a surgical 
point of view, compared to the prefabricated Harms cage.
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Washing the graft had little or even a slight negative effect on graft stability in 
this study. During compression of the unwashed graft fat and blood escaped 
through the cage openings and therefore adds no relevant extra stability. This is 
in contrast to studies in which cup stability is increased by graft washing [11, 27]. 
The difference between cup stability and graft stability in cages could be explained 
by the fact that containment of the bone chips is far better within the cages with 
axial loading as compared to the situation around a cup under shear-loaded 
conditions. Consequently, the stability of the reconstruction becomes less 
dependent on the inter-particle shear resistance, which is higher in the case of 
washed particles.
Unloaded grafts are more prone to resorption and could lead to nonunion and 
migration [26]. Loading of morsellized grafts could lead to instability. However, 
long-term reports of reconstructions with loaded morsellized graft around an 
implant do not show instability [16, 23]. Bone grafts in loaded conditions stimulate 
bone apposition, which could lead to superior results in our reconstruction with 
bone graft loading instead of load bypassing the graft [3, 24, 28]. To obtain 
continuous loading of the bone grafts, the deformation of the reconstruction 
should be less than the range of the dynamization distance of the intramedullary 
nail. Our goal was therefore that the graft layer would not deform more than 6 mm 
after loading. In most study groups this goal was achieved.
The load of 600-1,200 N was determined as twice the body weight of 60 kg. 
This weight of a small person is in accordance with the small cage size of 22-28 
mm and should be a reasonable load magnitude for initial loading after 
reconstruction.
The impacted graft was stable enough if adequate containment could be 
achieved together with a cage with an adequate intrinsic stiffness. It is realized 
that stability requires Wrm impactions. If this is not achieved inferior results have 
been reported [2, 12, 19]. Relative to in vivo application of this technique, if 
necessary the dynamic sliding range of the nail could be enlarged to 1 cm 
especially in larger defects. This would improve the chances of longterm load 
transfer from the bone fragments onto the bone chips and should therefore have 
positive effects on the incorporation of the bone grafts.
Obviously, this study was simplified relative to the clinical reality. An important 
limitation of this study is the lack of in vivo resorption and incorporation of 
the bone graft. Resorption of morsellized bone graft is followed by replacement 
of new bone. This could lead to instability during the remodeling phase. This 
phenomenon needs to be assessed in animal experiments with large segmental
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defects. The bovine bone used in this study has different properties compared to 
human bone. The stiffness however is in the same range and is mainly influenced 
by impaction, particle size and water content [2, 14].
Another limitation of the study was the simplified loading configuration. In vivo 
loading also includes bending and torsion. However, it is expected that the 
intramedullary nail will transfer these loads, and that owing to the dynamization of 
the nail, predominantly compressive loads are transferred through the bone 
grafts. In that sense, the loading configurations seem a good approximation of 
what occurs in vivo. The indication of the reconstruction with the intramedullary 
nail and cage is limited to segmental defects in the meta/diaphyseal region of 
large bones. We believe that this reconstruction is a promising alternative to the 
massive cortical grafts in the reconstruction of large diaphyseal defects, and its 
biological merits need to be assessed in animal experiments with large segmental 
defects.
Conclusion
Morsellized impacted bone graft in a cage is stable in dynamic loaded conditions 
in an in vitro reconstruction of a segmental diaphyseal bone defect. In terms of 
stability the method appears to be not very sensitive to the cage type and whether 
the bone chips are washed or not. However, containment of the cage with the 
bone segment is an important parameter and should be optimized during surgery. 
If this is achieved, we believe that this method of reconstruction could be a 
promising alternative for the reconstruction of large diaphyseal bone defects, and 
its biological behavior needs to be assessed in an animal model.
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Abstract
Large diaphyseal bone defects often are reconstructed with large structural 
allografts but these are prone to major complications. We therefore asked 
whether impacted morselized bone graft could be an alternative for a massive 
structural graft in reconstructing large diaphyseal bone defects. Defects in the 
femora of goats were reconstructed using a cage filled with firmly impacted 
morselized allograft or with a structural cortical autograft (n = 6 in both groups). 
All reconstructions were stabilized with an intramedullary nail. The goats were 
allowed full weightbearing. In all reconstructions, the grafts united radiographically. 
Mechanical torsion strength of the femur with the cage and structural cortical 
graft reconstructions were 66.6% and 60.3%, respectively, as compared with the 
contralateral femurs after 6 months. Histologically, the impacted morselized graft 
was replaced completely by new viable bone. In the structural graft group, a 
mixture of new and necrotic bone was present. Incorporation of the impacted 
graft into new viable bone suggests this type of reconstruction may be safer than 
reconstruction with a structural graft in which creeping substitution results in a 
mixture of viable and necrotic bone that can fracture. The data suggest that a 
cage filled with a loaded morselized graft could be an alternative for the massive 
cortical graft in reconstruction of large diaphyseal defects in an animal model.
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Introduction
Large diaphyseal bone defects can be the result of trauma, osteomyelitis, or 
resection of bone tumors. Structural allografts are used in reconstruction of these 
bone defects. However, massive cortical allografts are associated with problems 
like nonunion, infection, and fatigue fractures [2, 11, 20]. An alternative method for 
fixation and regeneration of new bone in large defects is distraction osteogenesis 
using external fixation systems. However, this method is technically demanding 
and has a high complication rate (as much as two to 3.2 difficulties per patient) 
[13, 18, 19]. Numerous complications are relatively harmless such as pin tract 
infections (37%-100%) [18, 19] and joint stiffness (39%) [18]. Other more severe 
complications are persistent pain (17%) [18], fractures at the docking site (21%) 
[9], limb-length discrepancy (100%) [13], and amputations (10%—11 %) [18, 19]. 
Another disadvantage is the duration of treatment with several additional operative 
procedures, which requires considerable patient compliance [12, 18, 19]. 
Therefore, alternative procedures for repair of these large defects are needed.
Impaction bone grafting in revision arthroplasty is effective for repair of large 
bone defects with survival rates of 90% to 94% after 10 to 18 years followup [25, 
27]. With large segmental defects, containment of the impacted bone graft is 
achieved by metal meshes, which are placed around the original location of the 
missing bone. The initial stability of the morselized graft is related to the density 
of the graft, reinforcing the need for firm impaction [4, 14].
This procedure has been used in numerous animal studies in the acetabulum 
and femur [1, 5] and is performed routinely in revisions of failed hip implants [22, 
23, 26, 27]. Histologic analysis of retrieved specimens has revealed remodeling 
concomitant with gradual ingrowth of the graft, which is mandatory for long-term 
survival [7, 14, 31]. Initially, cortical grafts obviously have better mechanical 
properties as compared with morselized bone grafts. However, from a biologic 
perspective, ingrowth of impacted morselized allograft is superior to structural 
cortical allograft, which might result in higher incorporation and union rate and 
thereby superior long-term characteristics [28, 29].
Based on the results with impaction grafting for revision hip arthroplasty, we 
wondered whether morselized bone graft in a cage could be an alternative for a 
massive cortical graft in segmental diaphyseal defect reconstructions. Using 
such a goat model, we asked (1) if the goats regained a normal walking pattern; 
(2) if the reconstructions healed radiographically; (3) if the strengths of the 
two reconstruction methods (morselized and cortical grafts) differed in a torsion
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test; and (4) if the histologic appearance of the two graft types differed after 
incorporation.
Materials and Methods
We used 12 Dutch milk goats with 24 femurs (female, Capra Hircus Sana; weight 
range, 57-64 kg), dividing the 24 femurs into four groups of six femurs (cage 
reconstruction, cortical graft reconstruction, nonoperated side of the cage group, 
nonoperated side of the cortical group). We performed a power analysis based 
on the relevant variable torsional strength. The variation was set at 8.75 Nm, which 
was based on results of a pilot study and on previous experiments in the femur of 
goats [15]. The difference in torsional strengths between groups was set at 15 
Nm, which is approximately 15% of the normal strength. The relevance of this 
difference for prediction of fracture risk is difficult because in the test animals, the 
central nail is still in situ during daily activity, which will contribute substantially to 
the torsional strength. The expected variation in a group and the difference 
between groups led to a group size of six goats in this study. All animals were 
skeletally mature.
The cage was a stainless steel mesh (X-Change system; Stryker Howmedica, 
Newbury, UK) that was cut to a height of 4.5 cm and folded into a cylinder with a 
diameter of 22 mm (average diameter of the shaft of a goat femur). This mesh was 
fixed with three cerclage wires to stabilize the cylinder. We harvested the 
morselized allograft used to fill the cages from the donor goats’ sternum. The 
cancellous bone was morselized by hand using a rongeur that produced small 
(1-3 mm), pure cancellous bone chips. We subsequently processed the bone 
chips in a Noviomagus bone mill (Spierings Medische Techniek, Nijmegen, The 
Netherlands) with the smallest rasping blade leading to a particle size of 
approximately 2 mm. Each batch of cancellous allograft was washed using 2 L of 
saline with a pulse lavage jet system (Stryker Howmedica). Each cage was filled 
with five layers of morselized bone graft. The total amount of bone graft used in 
each reconstruction was approximately 28 g. After each layer, 10 standardized 
impactions were made with a mass of 1.5 kg that was dropped from a height of 
35 cm. The last layer was followed by 40 similar impactions, after which the 
impacted graft in the cage had a height of 35 mm. At each end of the 45-mm high 
cages, 5 mm of the cage was left unfilled on both sides, which enabled the host 
bone to slide into the cage (Fig. 1). During impaction, a central nail was positioned
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Figure 1
A schematic representation shows 
reconstruction with an impacted 
bone graft. The long slot holes 
(for screw fixation of the nail) 
enable dynamic loading of the bone 
graft. The arrows indicate the route 
of loading onto the bone graft.
dynam ic load
intra m edullary  
nail
cortical bone -
in the cage to reserve space for 
introduction of the intramedullary nail 
in the animals.
Under general anesthesia using 
pentobarbital (doses 0.5 mL/kg, 
pentobarbital 60 mg/mL), each animal 
was operated on unilaterally. The goat 
was positioned on the left side with the 
right femur fixed. The right leg was 
shaved and sterilized with Betadine 
(Mundipharma AG, Basel, Switzerland). 
Using a lateral approach, the femur 
was exposed through an 8-cm skin 
incision. The periosteum was opened 
with a longitudinal incision and bluntly 
elevated circumferentially with the 
overlying soft tissues and left in situ. 
Subsequently, a 3.5-cm segmental 
defect was created by two osteotomies 
performed 7 and 10.5 cm proximal of 
the lateral joint space line of the knee 
with an oscillating saw under constant 
cooling with saline solution. The 
proximal and distal parts of the femur 
were marked to prevent rotation 
malunion. The resected diaphyseal 
segment of the femur was removed 
from the operated site in six goats and 
after 15 minutes placed back in the 
original position (Fig. 2). In the other six goats, the cortical segment was replaced 
with a cage filled with morselized impacted bone graft (Fig. 3). The lateral 
approach was extended with a lateral parapatellar arthrotomy to the knee and the 
patella was medially subluxated. In the intercondylar femoral notch, the cortex 
was perforated with a 3-mm drill. With a guide thread, the intramedullary axes 
were determined. The perforation was enlarged to 11 mm. For fixation, a 
custom-made unreamed femur nail was used. This 16-cm long, 10-mm thick 
stainless steel nail was bent preoperatively, meeting the average curvature of the
loaded graft
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Figure 2
A direct postoperative radiograph 
is shown with a segmental defect 
reconstructed with a structural 
cortical autograft
Figure 3
A direct postoperative radiograph 
shows a segmental defect, which 
is reconstructed with an impacted 
morselized allograft in a cage
goat femur that was measured on lateral radiographs of 40 different goat femurs. 
The nail was inserted retrograde using the insertion handle connected to the 
proximal end of the nail. In the group with the massive cortical graft, the nail was 
locked in a static way by two proximal and two distal screws, thereby following the 
most commonly applied technique. In the cage group, the nail was dynamically 
locked to load the bone graft (Fig. 1). The handle with a custom-made aiming 
device was connected to the proximal end of the nail which avoided the use of an 
image intensifier for insertion of the nail and AO locking screws (Synthes, Davos, 
Switzerland). The soft tissues, including the periosteum, were closed over the 
defect. The knee cavity was irrigated with saline solution to remove blood clots, 
and the capsule was sutured. Skin wounds were closed intracutaneously. 
Antibiotic prophylactics consisted of ampicillin subcutaneously administered for 
5 days postoperatively (doses 7.5 mL a day, Albupen 100 mg/mL; Intervet, 
Boxmeer, The Netherlands).
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After the operative procedure, the goats were kept in a hammock for 1 week 
to prevent postoperative complications and improve wound healing. After the first 
week, they were allowed unlimited weightbearing. After 2 weeks, the animals were 
transported from the central animal facility to an outdoor farm. Temgesic 
(Buprenorfine) at a rate of 0.018 mL/kg was used as an analgesic three times a 
day for the first 2 days after surgery and thereafter when necessary. To assess 
new bone formation on histologic sections, each goat received fluorochromes, a 
subcutaneous injection of calcein green solution (20 mg/kg) at 13 weeks postop­
eratively for 2 days, and alizarin (30 mg/kg) solution for 2 days before the animals 
were euthanized.
Radiographs were taken 0, 12, and 26 weeks postoperatively using general 
anesthesia. The lateral and anteroposterior views of the femur were judged (by 
BS, MWM) for callus formation, alignment, fixation failure, and disappearance of 
the host bone-graft junction. The gait of the goats was monitored with the score 
originally developed by Ypma, in which 0 = not used at all, 1 = supported 
incidentally, 2 = loaded in a standing position and incidentally while walking, 3 = 
loaded in a standing position and walking but with a limp, and 4 = normal walking 
and standing pattern [21].
After 26 weeks, all goats were euthanized using an injection of 20 mL of 200 
mg na-pentobarbital/mL into the jugular vein. The operated and contralateral 
femora were removed and dissected free from all soft tissues. Our institution 
approved the animal protocol for this investigation, and all investigations were 
conducted in conformity with ethical principles of research. After removal of the 
nail and screw fixation, biomechanical and histologic analyses were performed 
on the same specimens. The proximal and distal ends of the operated and 
contralateral femurs were embedded in acrylic cement (AutoPlast; Candulor AG, 
Wangen, Switzerland) in such a way that a diaphyseal segment, with the former 
defect located in the center, was free with a margin of 3 cm distal and proximal to 
the former osteotomy site. The specimens were mounted in a Materials Testing 
System machine (MTS GMBH, Berlin, Germany), in which the distal femur in 
cement was loaded in external torsion and the proximal cemented end of the 
femur was fixated except for axial translation. Throughout the experiment, the 
specimens were kept moist with Ringer’s lactate (0.9%) at a room temperature of 
20° C. All femora were tested for torsion to failure at a rate of 2° per second [15]. 
The parameter chosen to reflect torsion strength was torque at failure. Torsion 
strength of the operated femur was expressed as a percentage of torque at failure 
relative to the contralateral, nonoperated femur of the same animal. Therefore,
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100% torsional strength indicated the 
same strength as the intact case. On 
the first noticeable crack in the bone, 
the test was immediately stopped to 
allow histologic analysis of the whole 
intact structure.
All specimens were fixed in buffered 
(0.1 mol/L phosphate buffer, pH 7.4) 
paraformaldehyde (4%) for at least 1 
week. Thereafter, at three levels, thick 
slices were made for nondecalcified 
histologic analysis (see Fig. 4 for a 
schematic representation of the section 
planes). Of the structural grafts, 
decalcified histologic analysis was 
done of adjacent thick slices for 
quantification of necrosis and bone 
remodeling. In addition to the cross 
sections, two 1-cm thick slices were 
made of the former osteotomy site of 
the reconstruction with the host bone 
(Fig. 4). These latter slices were made 
parallel to the long axis of the bone. 
All slices were embedded in polymethylmethacrylate. Thin decalcified sections 
(7 lm) were stained with hematoxylin and eosin. Thicker nondecalcified sections 
(20-30 lm) were made with a sawing microtome (Leica SP 1600; Leica 
Microsystems Nederland BV, Rijswijk, The Netherlands) and left unstained for 
fluorescence microscopy or stained with hematoxylin and eosin.
All sections from each reconstruction were evaluated (LD, PB) by light 
microscopy, including fluorescence microscopy, for a qualitative assessment of 
the incorporation process. The quantification of the total bone area inside and 
outside the cage (only in the cage group) was performed on three slices at equal 
distance from each other (spaced approximately 875 lm from each other) resulting 
in one level exactly in the center of the defect and two between the center and 
osteotomy planes. These cross sections were photographed digitally with an 
8-megapixel camera at low magnification and mounted in the computer into a 
composition of the entire slide. With a digital image analysis system (Soft Imaging
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Figure 4
A schematic representation shows 
the sectioning planes through the 
reconstructed segment and 
through the interface of the 
reconstruction with the host bone
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GmBH, Münster, Germany), the surface area of the bone inside and outside the 
cage was measured. In addition, the extent of necrosis in the structural graft was 
quantified. In each cross section, in four images (one in each quadrant) at a 
magnification of 109, the surface area of new bone was measured interactively on 
digitized images and expressed as a percentage of the surface area of the total 
bone area. In nonstained thick sections, the distance of bone ingrowth was 
quantified in four locations in each section based on the penetration of 
fluorescence labels of calcein green (front at 13 weeks) and alizarin (front at 26 
weeks). The torsional strength of the four groups (cage reconstruction, cortical 
graft reconstruction, nonoperated side of the cage group, and nonoperated side 
of the cortical group) was compared using an analysis of variance test to show 
differences between groups followed by a post hoc t-test (Tukey).
Results
All 12 animals in both intervention groups were mobilized and regained normal 
gait 2 weeks after mobilization (score of 4).
Radiographically, all goats from both groups achieved consolidation and 
union (Figs. 5, 6). In all goats, fixation and alignment remained adequate. In the 
massive cortical group, three goats had a larger intramedullary canal compared 
with the size of the nail. More bridging callus formation was observed in these 
goats compared with goats with a smaller femur, in which the nail was more 
press-fit in the intramedullary canal. In the cage group, five goats showed callus 
formation directly outside the cage, particularly anteriorly. In one goat with cage 
reconstruction, there was extensive callus formation around the entire cage and 
total absence of bone in the cage. The femurs with the cage reconstructions were 
slightly reduced in height during the postoperative period as could be judged 
from the changed position of the screw in the slot holes of the nail. The mean 
failure torque was similar (p = 0.77) between the reconstructions with cortical 
graft (52.8 ± 14.4 Nm) and the impacted graft (57.5 ± 9.6 Nm). All specimens 
showed a rather linear pattern on the torque versus angular displacement curves 
up to the moment of failure (spiral fracture).
The mean failure torque of the massive cortical reconstructions and of the 
cage groups was 60.3% and 66.6%, respectively, lower than the failure torque 
of the contralateral femurs (93.5 ± 14.8 Nm and 86.9 ± 5.9 Nm; p = 0.017 and 
p = 0.002, respectively).
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Figure 5
A radiograph of a structural 
cortical autograft reconstruction 
after a followup of 26 weeks shows 
union of the segment
Figure 6
A radiograph of an impacted 
morselized graft in a cage after 
a followup of 26 weeks shows 
union of the segment
Fluorescence microscopy showed different patterns of incorporation between 
the structural graft and the impacted morselized graft. In the cortical autograft 
reconstruction, the original segment was still visible in all sections. The original 
cortical bone was a mixture of necrotic bone (71.5%) characterized by empty 
osteocytes lacunae and new osteons (28.5% ± 7.5%) with vital osteocytes (Fig. 7). 
Based on calcein fluorescence labeling of new bone, the ingrowth distance after 
13 weeks was 3783 ± 1313 lm, which was 70% of the thickness of the cortical 
bone (5403 ± 681 lm). After 26 weeks, the alizarin fluorescence was visible in the 
peripheral 5154 ± 655 lm, which indicated 95.4% of the cortical bone was 
revitalized by creeping substitution (Fig. 8). Throughout the new bone in and 
around the cage group, remodeling sites were stained by calcein green and 
alizarin. No measurable amount of nonincorporated bone graft was present. 
The new bone had a normal ultrastructure with fat marrow. In all specimens of 
the cage group, also, bone had been formed outside the cage. In one cage
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Figure 7
A section of a reconstruction with 
a structural cortical autograft 
after 26 weeks shows a mixture 
of necrotic dead bone (DB) and 
new bone (NB) (Stain, hematoxylin 
and eosin; original magnification, 
x150)
Figure 8
A section of a structural cortical 
autograft after 26 weeks shows 
intense remodeling after labeling 
with calcein green, which 
resulted in a mixture of new 
and necrotic bone (Unstained 
section,calcein green labeling 
shown with ultraviolet light; 
original magnification, x150)
reconstruction, the new bone was seen predominantly around the cage with 
almost no bone inside the cage (Fig. 9). The average surface area of bone inside 
the cage was 50.3% (range, 13.1 %—69.3%) of the total surface area of bone inside 
and outside the cage. In all specimens, the osteotomy gap was completely 
healed. The gap was completely filled with woven bone that, based on the 
fluorochrome labels, was remodeling into lamellar bone (Fig. 10).
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Figure 9
A sawing section of the 
reconstruction shows a morselized 
bone graft after 26 weeks. Newly 
formed bone is evident outside 
the mesh (Stain, hematoxylin and 
eosin; original magnification, x20)
Figure 10
A hematoxylin and eosin-stained 
section using polarized light is 
shown of the transition of cortical 
bone (CB) and new bone (NB) 
that had been formed in the gap 
(Stain, hematoxylin and eosin; 
original magnification, x150)
Discussion
Large diaphyseal bone defects resulting from trauma, osteomyelitis, or resection 
of bone tumors often require reconstruction. In many of these situations structural 
allografts are used for large defections. However, massive cortical allografts are 
associated with various complications including nonunion, infection, and fatigue 
fractures [2, 11, 20]. We compared reconstructions of large segmental diaphyseal 
bone defects in goats with a structural autograft to reconstruction with impacted 
morselized bone graft. We focused on the clinical performance, on the radiographic 
healing, on the mechanical properties of the reconstructions, and on the histologic
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appearance of the two graft types. This study has some limitations. In goats, the 
height of the defect was 3.5 cm, which is a critically sized defect, but only 
approximately 20% of the length of the goat femur. In patients, larger reconstruc­
tions of as much as 15 to 20 cm are performed regularly, which will influence the 
primary stability and possibly limit the use of this technique. Moreover, in patients, 
the healing capacity will be compromised by trauma, resection of the periosteum, 
or adjuvant therapy, and the fit of particularly the structural graft may be less 
optimal than in this study [8]. The number of goats in this study was rather low 
which did not allow any conclusions regarding differences between impacted 
graft and structural graft. Finally, goats may not show any discomfort after a 
surgical procedure because this would make them vulnerable to predators and 
they may walk effectively on three limbs. Therefore the loading patterns in goats 
are less informative compared with bipedal humans.
The radiographic unions in all goats matched the torsion tests because all 
femurs had torsion strength on the order of 60%, whereas the torsion strength of 
nonunions is reportedly approximately 20% [9]. Relative to allografts, autografts 
have generally superior biologic properties, which may have contributed to the 
optimal union with the host bone in the structural graft group [32]. The location of 
callus in the cage group was different from the callus around the structural grafts. 
In the cage, more bone was formed ventrally outside the cage. Probably this is an 
effect of the changed loading conditions during the Initial phase of the Incorporation 
process, in which the ventral part is probably more loaded than the dorsal part. 
This might have induced a callus outside the mesh at this location. After the 
formation of this new bone, stress shielding by the bone and by the load 
transmitted through the mesh, which is in this stage intimately connected with the 
bone, might have been responsible for the formation of an osteopenic area in the 
dorsocentral part inside the cage [20, 21, 24].
The radiographs of structural graft specimens showed the callus formation 
appeared directly related to the width of the intramedullary canal. Although small 
allograft chips were used to facilitate filling of the small space between the graft 
and the nail, in three goats with a wider intramedullary canal, the fit of the nail 
directly postoperatively was less optimal and this has led to more callus formation. 
Fracture healing studies suggest unstable fractures induce more callus [12, 16]. 
The callus thus might be induced by instability and resulting micromotion during 
the healing period. These results show the importance of a perfect fit of the central 
rod in the femoral canal. For the future, clinical well-fitting or custom-made nails 
are advocated.
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Another option to provide more stability is to add an extra rigid fixation plate, 
which might lead to better healing [3]. The segmental diaphyseal defect may have 
been fixed with such an external plate, but screws then have to be inserted in 
necrotic bone and screw holes act as stress risers in these cases [33]. Therefore, 
a locking nail concept seemed the best choice. The major clinical difference with 
revision arthroplasty is the direction of the load applied on the graft. The load in 
revision arthroplasty is induced by a subsiding conicalshaped stem, which 
generates mainly hoop and compressive stresses in the graft. In the segmental 
reconstruction, the dynamized fixation of the intramedullary nail results in primarily 
compressive stress in the graft material. As all goats survived the study period 
well, our experience suggests initial stability was adequate for direct load-bearing. 
The load may have had a beneficial effect on the incorporation process. Moreover, 
the stem in revision hip arthroplasty is fixated in the graft reconstruction. In 
reconstruction of a segmental diaphyseal bone defect, the central rod has the 
same function as the stem in a revision situation but is fixed proximally and 
distally, which will reduce the bending forces in the graft material as compared 
with the hip situation.
The torsion strength of the massive cortical graft and cage reconstruction 
appeared to be 60% and 67% of the normal value after 6 months, respectively. 
As a result of the limited number of animals included in this study, we were unable 
to show differences between the two groups. Segmental defects in other animal 
models reconstructed with cortical autografts reportedly regained 50% in torsion 
strength after 6 months and nearly normal torsion strength after 1 year [9, 10]. 
The observations in these studies are in concordance with the results in our model.
The incorporation pattern in the structural graft was similar to that published 
for dogs [10]. In our study, approximately 20% of the necrotic bone was revitalized 
by creeping substitution. In dogs, remodeling of 60% of a cortical fibula autograft 
was found after 1 year [10]. In patients, massive cortical human allografts 
reportedly unite slowly and more periosteal bone is formed than internally 
repaired, which was only 20% of the graft by 5 years. However, this relatively slow 
revitalization probably is compromised by therapies for the disease process [11].
Although the porosity of the morselized graft will decrease during impaction, 
it still is less dense than the structural cortical graft [6]. The relative open structure 
of the cages and the impacted bone graft facilitate ingrowth and revascularization 
in large bone defects [5]. Resorption of morselized bone graft is followed in all 
animal models by replacement of new bone. In the cage group, the original graft 
was resorbed completely and replaced by new bone, which is in concordance
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with previous studies in which morselized bone grafts in reconstructions remodel 
into healthy bone if applied under loaded conditions [17, 24, 25, 34, 35]. A retrieval 
analysis of failed cage reconstructions, in which the morselized bone was stress- 
shielded by the design of the cage, showed only 30% viable bone in the cages 
[30]. In the long term, it seems necessary to load the morselized bone grafts to 
induce new bone with optimal quantity and quality [34]. In our model, this load 
was applied continuously by the locking nails, which did not reach the end of their 
dynamization stage. Load theoretically could lead to micromotions at the 
implant-bone interface during the remodeling phase. However, two longterm 
reports describing reconstructions with loaded morselized graft around a hip 
implant show very favorable results, which suggests that micro-motions are not 
large enough to be detrimental [14, 26].
Our data showed a cage filled with impacted morselized graft was adequate 
to reconstruct and heal a segmental diaphyseal bone defect in a goat femur 
allowing full weightbearing. The reconstruction of segmental diaphyseal bone 
defects using a cage with a morselized graft had better biologic characteristics 
compared with a structural cortical autograft. The mechanical properties after 
incorporation were not different. A cage filled with a mechanically loaded 
morselized graft is a promising alternative for the massive cortical graft in 
reconstruction of large diaphyseal defects in an animal model.
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Abstract
We studied if a static or dynamic mode of nail fixation influenced the healing of 
segmental defect reconstructions in long bones. Defects in the femur of goats 
were reconstructed using a cage filled with firmly impacted morsellised allograft 
mixed with a hydroxyapatite paste (Ostim). All reconstructions were stabilised 
with an intramedullary nail. In one group (n = 6) the intramedullary nail was 
statically locked, in the second group (n = 6) a dynamic mode of nail fixation was 
applied. We hypothesised that dynamisation of the nail would load, and by that 
stimulate the healing of the bone graft. Mechanical torsion strength of the 
reconstructions of the femur with the static and dynamic mode of nail fixation 
appeared to be 74.8 ± 17.5% and 73.0 ± 13.4%, respectively as compared with 
the contralateral femurs after 6 months. In all reconstructions, the grafts united 
radiographically and histologically to the host bone, and remodelled into a new 
vital bone structure. No large differences were found between newly formed bone 
areas inside and outside the mesh of the two groups. The area of callus outside 
the mesh in the dynamic mode of fixation group was smaller (p = 0.042), whilst 
the percentage of bone outside the mesh was larger (p = 0.049), as compared to 
the static mode of fixation group. The data suggest that healing of these defects 
with impacted morsellised graft in a cage is not significantly influenced by the 
mode of fixation of the nail in this model.
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Introduction
Trauma, osteomyelitis or resection of bone tumours often result in large diaphyseal 
bone defects. Various reconstruction techniques are advocated for the repair of 
such large bone defects.11,14 22,26,31,34,36 43 Based on the good clinical results of 
impaction bone grafting for the repair of large bony defects associated with failed 
implants in revision hip arthroplasty,38,39 we previously showed that impacted 
morsellised bone graft could also be used for the reconstruction of large loaded 
diaphyseal bone defects.45 In this application the graft is impacted in a cage or 
mesh until it is solid enough for direct post-operative load bearing.5 An animal 
experiment in the goat showed complete remodelling of the graft into new bone 
after 26 weeks.4
Clinically a number of case reports have been published with this technique 
for the reconstruction of long bones after traumatic bone loss.1,13,33 In three cases, 
the tibiawas additionally stabilisedwith an intramedullary nail which was statically 
locked.13,33 All three cases healed, allowed direct load bearing and showed good 
alignment after consolidation. In one case bone formationwas already found at 
the cage-tibia interface after 5 weeks,33 and in another case newly formed bone 
was present inside the cage after 13 months.1
In impaction grafting for failed hip implants it has been demonstrated in 
retrieved specimens that after revascularisation of the graft, the graft is resorbed 
and replaced by new bone.7,23,45 Although various factors might influence the 
incorporation process of impacted bone graft, the outcome of animal experiments 
and clinical retrievals strongly suggested that particularly mechanical load has a 
positive effect on bone graft incorporation.29 46-49 Better and faster incorporation 
will likely have a beneficial effect on the mechanical strength of segmental recon­
structions after incorporation of the grafts. Since the number of clinical cases of 
segmental bone reconstruction with cages is limited,1 13 33 and all cases are highly 
variable with respect to the length of the defect site and associated compromising 
factors (e.g., soft tissue defects), the effect of load on graft incorporation in 
segmental reconstructed fractures remains unclear. We therefore investigated 
the effect of load on graft incorporation in our segmental defect animal model.5 
The question of this study was whether morsellised impacted bone graft in a cage 
with a dynamically fixated nail would have better healing characteristics compared 
to a statically fixated nail in segmental diaphyseal defect reconstructions.
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Materials and methods
Experimental design
In twelve, skeletally mature, Dutch female milk goats (Capra Hircus Sana; weight 
range, 56-65 kg) segmental femoral defects were created, and reconstructed 
with a cage filled with impacted graft mixed with a hydroxyapatite paste in 
combination with a dynamically (n = 6) or statically (n = 6) fixed intramedullary 
nail. Non-operated contralateral femurs were used as controls. The number of 
goats within each intervention group was based on a power analysis on the 
variation of the relevant variable torsional strength of 8.75 N m, with the difference 
in torsional strengths between groups set at 15 N m, which is considered to be a 
clinical relevant difference of 15% of the normal strength.5 6 27 All investigations 
were conducted in conformity with ethical principles of research and all protocols 
were approved by our institutional Animal Ethics Committee.
Impaction procedure
The cage was a stainless steel mesh (X-Change system; Stryker Howmedica, 
Newbury, UK) that was cut to a height of 45 mm and folded into a cylinder with a 
diameter of approximately 22 mm, which is the average diameter of the shaft of a 
goat femur. This mesh was fixed with three cerclage wires to stabilise the cylinder. 
The morsellised allograft used to fill the cages was harvested from three donor 
goat’s sternums. The cancellous bone was morsellised in a Noviomagus bone 
mill (Spierings Medische Techniek, Nijmegen, The Netherlands) with the smallest 
rasping blade, resulting in a mean particle size of 2 mm(particle size ranged from 
1 to 3 mm in diameter). Subsequently, the grafts were processed with supercritical 
CO2 (EMCN, Nijmegen, The Netherlands) according to the technique described 
by Fages.18 After processing, the grafts were packed in batches of 40 g and 
gamma irradiated (25 kGy) for terminal sterilisation. Before use each batch of 
bone graft (40 g) was mixed with 5 ml of a water soluble paste of nanohydroxy- 
apatite particles (Ostim, AAP GmBH, Germany).2,40,42,50 This paste has been shown 
to stimulate fracture healing and critical size bone defect healing due to its osteo- 
conductive capacity.24,25,41 It has been used in sinus lifting and alveolar ridge 
augmentation, 40 42 and as bone graft extender in the bone impaction grafting 
application for the repair of large bone defects associated with failed hip
prostheses.12,30,40
During surgery each cage was filled with five layers of morsellised bone graft. 
The amount of bone graft used per reconstruction was approximately 28 g. After
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each layer (5-6 layers were applied) of 5-6 g, 10 standardised impactions were 
made with a mass of 1.5 kg that was dropped from a height of 35 cm.5 The last 
layer was followed by 40 similar impactions, after which the impacted graft in the 
cage had a height of approximately 35 mm. Previously, it has been shown that 
this degree of impaction leads to a graft structure that could be loaded in vivo.5 
At both ends of the 45 mm high cages, 5 mm of the cage was left unfilled, 
which enabled the host bone to slide into the cage. During impaction, a central 
nail was positioned in the cage to reserve space for the introduction of the 
intramedullary nail.
Surgical technique
All animals were anesthetised using pentobarbital (doses 0.5 ml/kg, pentobarbital 
60 mg/ml; Nembutal, CEVA Sante' Animale, Maassluis, the Netherlands) and 
maintained after intubation with nitrous oxide, oxygen, and isoflurane (1.5%). The 
goat was positioned on the left side with the right femur fixed. The right leg was 
shaved and sterilised with Betadine (Mundipharma AG, Basel, Switzerland). Using 
a lateral approach, the femur was exposed through an 8 cm skin incision. The 
periosteum was opened with a longitudinal incision and with the overlying soft 
tissues bluntly elevated circumferentially. Subsequently, a 3.5 cm segmental bone 
defect was created by two osteotomies 7 and 10.5 cm proximal of the lateral joint 
space line of the knee made with an oscillating saw under constant cooling with 
saline solution. The proximal and distal part of the femur was marked to prevent 
rotation malalignment. The resected diaphyseal segment of the femur was 
removed. The cortical segment was replaced with the cage filled with morsellised 
impacted bone graft mixed with hydroxyapatite paste. The lateral approach was 
extended with a lateral parapatellar arthrotomy to the knee and the patella was 
medially subluxated. In the intercondylar femoral notch the cortex was perforated 
with a 3 mm drill. With a guide thread, the intramedullary axes were determined. 
The perforation was enlarged to a diameter of 11 mm. For fixation, a custom-made 
16 cm long, 10 mm thick stainless steel unreamed femur nail was used, which 
was bent meeting the average curvature of the femur based on 40 skeletally 
mature goat femurs.5,6 A handle with a custom made aiming device was connected 
to the end of the nail which avoided the use of an image intensifier for the inserting 
the nail and placing the AO locking screws (Synthes, Davos, Switzerland). After 
retrograde insertion all nails were fixated by one proximal and two distal screws.
In the first group, the intramedullary nail was statically locked to unload the 
bone graft. In the second group, the nail was dynamised by screw insertion in 2
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cm long slot holes in the proximal part of the nail, which allowed compression 
of the graft over a displacement range of 16.5 mm. The soft tissues, including 
the periosteum, were closed over the defect. The knee cavity was irrigated 
with saline solution to remove blood clots, and the capsule was sutured. Skin 
wounds were closed intra-cutaneously. Antibiotic prophylaxis consisted of 
ampicillin subcutaneously administered for 5 days post-operatively (doses 7.5 ml/ 
day, Albupen 100 mg/ml; Intervet, Boxmeer, The Netherlands).
Post-operative treatment and evaluation
After the operative procedure, the goats were kept in a hammock for 1 week to 
prevent post-operative (wound healing) complications. After this first week, the 
goats were allowed unlimited weight bearing. After 2 weeks, the animals were 
transported from the central animal facility to an outdoor farm where they were 
kept in a herd. Temgesic (0.018 ml/kg, buprenorphine 324 mg/ml; Schering- 
Plough, Oss, The Netherlands) was used as an analgesic three times a day for the 
first 2 days after surgery. To assess new bone formation on histological sections, 
each goat received fluochromes, a subcutaneous injection of calcein green 
solution (20 mg/kg) at 13 weeks post-operatively for 2 days, and alizarin (30 mg/ 
kg) solution for 2 days before the animals were euthanised. Radiographs were 
taken directly after surgery and after killing the animals. The lateral and antero­
posterior views of the femur were judged independently by two examiners (PHJB, 
GH) for callus formation, alignment, fixation failure, and disappearance of the 
host bone-graft junction. The gait of the goats was monitored with a score 
originally developed by Ypma, in which; (0) not used at all, (1) supported 
incidentally, (2) loaded in a standing position and incidentally whilst walking, (3) 
loaded in a standing position and walking but with a limp, and (4) normal walking 
and standing pattern.35
After 26 weeks, all goats were euthanised using an injection of 20 ml of 200 
mg pentobarbital/ml into the jugular vein. The operated and contralateral femora 
were dissected and all soft tissues were removed. Biomechanical and histological 
analyses were performed on the same specimens.
Mechanical testing
Mechanical testing of the reconstructions, with the cage in situ, was performed 
after removal of the nail and screw fixation. Both the proximal and distal ends of 
the operated and contralateral femurs were embedded in acrylic cement 
(AutoPlast; Candulor AG, Wangen, Switzerland) such that a diaphyseal segment,
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with the reconstruction in the centre, was free with a margin of 3 cm distal and 
proximal to the former osteotomy sites. The specimens were mounted in a 
Materials Testing System machine (MTS GMBH, Berlin, Germany), in which the 
distal femur in cement was loaded in external torsion and the proximal cemented 
end of the femur was fixated except for axial translation. Throughout the 
experiment, the specimens were kept moist with Ringer’s lactate (0.9%) at a room 
temperature of 200C. All femora were tested for torsion to failure at a rate of 20 per 
second.27 The parameter chosen to reflect torsion strength was torque at failure. 
Torsion at failure of the operated femur was expressed as a percentage of torque 
at failure relative to the contralateral, non-operated femur of the same animal. On 
the first noticeable crack in the bone, which was associated with a significant 
strong reduction of mechanical strength, the test was immediately stopped to 
allow for histological analysis of the intact structure.
Histological analysis
Immediately after mechanical testing, specimens were fixated in buffered (0.1 M 
phosphate buffer, pH 7.4) paraformaldehyde (4%) for at least 1 week. Thereafter, 
3 mm thick serial slices were made perpendicular to the femoral axis with a water 
cooled sawing blade through the reconstruction, including the junction with the 
host bone, and X-rayed with a Faxitron. At three levels through the reconstruction, 
spaced approximately 3 mm from each other, two adjacent slices were used for 
non-decalcified and decalcified histology resulting in one level approximately in 
the centre of the defect and two in between the centre and osteotomy planes. In 
addition, two adjacent slides through the osteotomy junctions with the 
reconstruction were processed for nondecalcified and calcified histology. For 
decalcified histology slices were decalcified in 10% EDTA and thereafter the metal 
was removed and the resulting holes were filled with gelatin. Thereafter, slices 
were embedded in polymethylmethacrylate. Non-decalcified sections (30 m) 
were made with a sawing microtome (Leica SP 1600; Leica Microsystems 
Nederland BV, Rijswijk, The Netherlands). Adjacent sections were left unstained 
for fluorescence microscopy or were stained with haematoxylin and eosin. 
Decalcified sections (7 m) were stained with haematoxylin and eosin or with 
Safranin O. For a qualitative assessment of bone formation all sections from each 
reconstruction were evaluated by light microscopy including fluorescence 
microscopy. The amount of bone formation in the two groupswas measured on 
the X-rays made with the Faxitron. All X-rays of the serial slices were digitised. 
Thereafter, for each serial slice, the area within the perimeter of the callus (Atotal)
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was determined interactively with a digital image analysis system (Soft Imaging 
GmBH, Mu" nster, Germany). Similarly, the surface within the perimeter of the 
mesh was determined (Atotal in). The surface outside the mesh was subsequently 
calculated (A , . , = A  , A ,, , ) for each slide and averaged for each' total_out total— total_in-/ ^
reconstruction. Using the same system andmethodology the images of the X-rays 
were thresholded to allowbonemeasurements. Subsequently, the total bone area 
(Abone)within the outer perimeter of the callus and the total bone area inside (Abone 
in) and outside the mesh (Abone out) were determined. The bone percentage in and 
outside the mesh was expressed as percentage of the total area (A /A ,, AKbone total bone_
. /A , .. and A  ,/A,, . ,).in total_in bone_out total_outy
Statistical analysis
Both mechanical and histomorphometric datasets followed normal distribution 
and fulfilled the assumptions for parametric evaluation with paired t-test for 
comparison between operated and contralateral femur. For comparisons between 
static and dynamic fixation Student’s t-test was used. Two-tailed p < 0.05 was 
considered significant. Statistical analysis was performed using SPSS 16.0 
software (SPPS Inc., Chicago, IL, USA).
#  #  
Results
Clinical observations
In both intervention groups, all 12 animals were mobilised and regained a normal 
gait 2 weeks after mobilisation (score 4). Radiographically, all femurs of both 
groups consolidated and united at both osteotomy sites (Fig. 1). In all goats, 
screw fixation and alignment remained adequate. All reconstructions, of both 
static and dynamic nail fixation, showed callus formation outside the cage, 
particularly anteriorly (Fig. 1). The femurs with the dynamic mode of nail fixation 
were slightly reduced in height during the post-operative period as could 
be judged from the changed position of the screw in the slot holes of the nail on 
the Xrays.
Mechanical analysis
The mean failure torque was similar (p = 0.6) between the reconstructions 
with the static mode of fixation (79.1 ± 21.4 N m) and dynamic mode of fixation 
(72.6 ± 18.1 N m). All specimens showed a rather linear pattern on the torque
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Figure 1
Faxitron contact radiographs of the thick serial sections of extreme 
examples of a statically (A, goat nr 1) and dynamically (B, goat nr 10) fixated 
intramedullary nail. Notice more abundant callus in A compared to B
versus angular displacement curves up to the moment of failure by a spiral 
fracture, which was always located in between the cage reconstruction and the 
cement that was used for fixation in the MTS machine. The mean failure torques
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of the statically and dynamically fixated nail groups were 74.8 ± 17.5% and 73.0 
± 13.4%, of the failure torque of the contralateral femurs, respectively (105.5 ± 
10.2 N m vs. 79.1 ± 21.4 N m for the static mode of fixation (p = 0.02) and 98.9 ± 
12.4 N mvs. 72.6 ± 18.1 N mfor the dynamic mode of fixation (p = 0.004)).
Histological analysis
In all cross-sections abundant bone was present inside and outside the cage 
(Fig. 2A and B). The bone seemed to be an approximate 50-50% mixture of 
woven bone and new remodelled lamellar bone (Fig. 2B). The bone was mostly 
trabecular-like with non-orientated struts and plates. Occasionally, the bone was 
denser approaching the density of compact cortical bone. In Safranin O stained 
sections one or more small areas of enchondral formed bone were found in 48% 
of all sections, which was characterised by intense red staining of the matrix and 
a chondrocyte morphology of the cells in these areas (Fig. 2C and D). Of all 
enchondral formed bone areas 53% was found in sections of statically fixated 
reconstruction. Most enchondral bone areas were found in close proximity and 
around struts of the mesh (66% and 75% for dynamically and statically, 
respectively). The marrow had a similar appearance as in controls; mostly fat 
cells and occasional areas with a more cell rich marrow. Between the bone and 
the location of the nail fibrous tissue was present (thickness 50-300 mm) with 
circumferentially orientated collagen bundles (Fig. 3A). At the interface of the 
fibrous tissue with the nail, occasionally some accumulated wear particles were 
seen. Also the wire mesh was generally surrounded by a fibrous tissue interface 
which consisted of orientated fibroblasts. At the osteotomy sites the new bone 
healed with the host cortical bone. Due to insertion of the intramedullary nail the 
inner 2/3 of the host bone had become necrotic after surgery. Fluorescence and 
routine histology showed a process of creeping substitution of necrotic bone 
towards the endosteum, which was half way after 13 weeks and completed after 
26 weeks.
Remnants of graft bone were extremely scarce. Only occasionally a small 
piece of original graft was recognised based on empty osteocytes lacunae 
(Fig. 3B). More frequently remnants of the hydroxyapatite particles were seen. 
These remnants were incorporated into bone but also present in the soft tissues 
(Fig. 3C). Nomacrophages or osteoclasts were seen on the surface of the 
hydroxyapatite particles indicating a stopped resorption. The newly formed bone 
at the junctions between host and reconstruction was continuous with the host 
bone without soft tissue interface (Fig. 3D). In Safranin O stained sections an
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Figure 2
(A and B) Routine histology of new bone formation inside the cage of a 
reconstruction with a static mode of fixation. Notice mixture of lamellar bone 
and woven bone (B). (C and D) HE stained (C) and Safranin O (D) stained 
sections of bone inside the cage of a reconstruction with a static mode of 
fixation showing mixture of normal bone and enchondral formed bone. 
Original magnification, x50
interlock of interdigitating new bone into the host bone was present which was 
characterised by a more intense Safranin O staining (Fig. 3D).
Unstained sections showed locally intense fluorochrome labeling. In general 
the distributions of calcein and alizarin labels showed a markedly similar 
distribution, indicating that most of the bone had already been formed at 13 weeks 
post-op (Fig. 4). Also all bone inside the mesh was stained with both calcein and 
alizarin. The alizarin staining was located on some of the bone surfaces indicating 
ongoing remodelling of the bone after 13 weeks (Fig. 4A and B). Around most of 
the struts of the mesh the calcein was located further away from the mesh
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Figure 3
(A) A lamellar circumferential orientation of collagen bundles in the thin 
fibrous soft tissue interface (FT) in between the intramedullary nail and the 
new bone (B). (B) Remnant of bone graft (BG) embedded in new bone.
(C and D) Remnants of Ostim (O) embedded in new bone (C) or in fibrous 
tissue (D). Original magnification, x50. (A- D) Reconstructions with a static 
mode of fixation
indicating an ongoing bone formation in the direction of the mesh and a 
concomitant reduction of the soft tissue interface around the struts of the mesh in 
time (Fig. 4C and D). In the periphery outside the mesh there were numerous 
locations with intense calcein green labeling indicating a strong periosteal activity 
at 13 weeks post-op. After 26 weeks the intensity of alizarin labeling in these 
areas was strongly reduced (Fig. 4E and F).
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Figure 4
(A and B) Ongoing bone remodelling of new bone inside the cage 
demonstrated with calcein green (A) and alizarin fluorescence (B).
(C and D) Bone formation around a strut of the wire mesh (M) demonstrated 
with calcein green (C) and alizarin fluorescence (D). (E and F ) Intense 
bone formation demonstrated with calcein green (E) and a lower level of 
remodelling after 26 weeks demonstrated with alizarin fluorescence (F ).
P = periosteal reaction. Original magnification, x50. (A- F) Reconstruction 
with a dynamic mode of fixation.
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Bone quantification
The total area (Atotal) inside the perimeter of the callus was 10.5 ± 0.8 cm2 and 8.6 
± 2.1 cm2 for the static and dynamic mode of fixation, respectively (p = 0.068) 
(Table 1). The area outside the mesh (Atotal out) for the dynamic mode of fixation 
group (3.6 ± 1.9 cm2) was significantly smaller (p = 0.042) compared to the area 
of the static mode of fixation group (5.6 ± 0.8 cm2).
The total bone area (Abone) was not different between the static (5.9 ± 0.4 cm2) 
and dynamic fixation (5.4 ± 1.0 cm2) (p = 0.254). Inside and outside the mesh 
there was a similar amount of bone present in both groups (A 2.5 ± 0.3 cm2r  ö r  V bone_in
and 2.7 ± 0.4 cm2 (p = 0.295), and Abone out 3.5 ± 0.4 cm2 and 2.7 ± 1.1 cm2 (p = 
0.105), for the static and dynamic mode of fixation, respectively). The percentage 
of bone present (Abone/Atotal) was slightly smaller in the statically fixed nail (57 ± 4% 
vs. 63 ± 8% in the dynamic nail; p = 0.091). However, Abone out/Atotal out was 
significantly higher for the dynamic mode of fixation as compared to the static 
mode of fixation (p = 0.049; 79 ± 15% vs. 64 ± 9%).
Table 1
Bone formation in reconstructions with static and dynamic modes of fixation
Static Dynamic p-Value
A t 11tota 10.5±0.8cm2 8.6±2.1cm2 0.068
A t 11 itotal in 5.0±0.2cm2 5.0±0.2cm2 0.785
A t 11 ttotal out 5.6±0.8cm2 3.6±1.9cm2 0.042
A,bone 5.9±0.4cm2 5.4±1.0cm2 0.254
a , ibone in 2.5±0.3cm2 2.7±0.4cm2 0.295
a , tbone out 3.5±0.4cm2 2.7±1.1cm2 0.105
A
bone/Atota 0.57±0.04 0.63±0.08 0.091
A. i /At t l ibone_in total_in 0.50±0.05 0.54±0.09 0.324
a . t/At 11 tbone_out total_out 0.64±0.09 0.79±0.15 0.049
All values are mean ± SD.
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Discussion
In this study, large segmental diaphyseal bone defects in the femur of goats were 
reconstructed with impacted morsellised bone graft mixed with a hydroxyapatite 
paste in a cage. Two situations were created: a static and dynamic nail fixation. 
We hypothesised that by dynamic fixation the grafts would be loaded which 
should stimulate healing. However, we found no differences in functional recovery 
after the surgery, in radiographical healing, and in mechanical properties between 
the two treatment modalities. The only differences between the static and dynamic 
mode of fixation were found in the area of callus outside the mesh (A,,. ,), and' total_out' ’
in the percentage of bone outside the mesh (A /A ).r   ^ ' bone_out total _o u ty
All radiographs showed union, a good alignment and abundant callus 
formation. The radiographic union was confirmed by the histology. The variations 
in callus formation between specimens were relatively small. In a previous study 
in which defects were reconstructed with a structural bone graft it was found that 
the amount of callus appeared to be directly related to the fit of the statically 
locked nail.4 Particularly in goats with a poor fit more callus was formed. This is in 
concordance with results from fracture healing studies which showed that instable 
fractures induce more callus.1728 Since no large differences were found in callus 
formation in the two groups it can be speculated that in this experiment the initial 
fit in both groups was similar and that irrespective to the mode of dynamisation 
the reconstructions were equally stable in the axial direction. This might have 
been related to the use of highly impacted and stable bone graft which surrounds 
the intramedullar nail initially quite close. Hence it can be speculated that rotational 
and angular instability, which were probably similar in both groups, might have 
played a more prominent role in the formation of the callus then the amount of 
axial load. However, alternatively the formation of callus might be influenced by 
other factors. In a series of publications Frost described the role of regional 
acceleratory phenomenon in fracture healing.19-21 From these papers it can be 
deducted that callus formation is a common biologic reaction to a number of 
nonmechanical biological factors, like inflammation, and the production of growth 
factors by the repair tissue.
An important observation was the presence of abundant new bone inside the 
cage. In animal models and in patients, mechanical stress induces alignment of 
trabeculae along the stress lines.9 10 32 47 Such relation is not only found in normal 
bone but also in newly formed bone after loaded bone graft incorporation.29 48 The 
lack of a preferred orientation in this experiment in both groups indicated that the
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axial stress was not the dominant mechanical factor. However, in a retrieval 
analysis of a stiffer cage reconstruction in which the morsellised bone was stress- 
shielded, less bone (30%) was found compared to our model.44 This suggests 
that a significant level of loading must have been present inside the cages. The 
used histological techniques do not allow a detailed analysis of the direction of 
trabecular bone inside the case, but the histology shows a quite variable bone 
morphology in different parts of the cage. Moreover, the bone inside the cage 
might be formed after consolidation of the peripheral callus. In this scenario the 
initial effect of the dynamisation of the intramedullary nail might have been lost 
after callus formation.
A striking observation was the presence of local areas of enchondral formed 
bone. In all our previous experiments in which we used fresh frozen impacted 
morsellised bone grafts, with or without hydroxyapatite paste, we found direct 
bone apposition on the remnants of the graft or in the stroma without enchondral 
bone formation.4,12,37,38 We do not know the factors involved in this enchondral 
bone formation. However, load distribution does not seem to be the predominant 
factor since enchondral bone formation was present in both intervention groups.
The radiographic and histological unions in all goats were confirmed by the 
results of the torsion tests since all femurs had torsion strengths in the order of 
70% of the contralateral controls, whereas the torsion strengths of non-unions is 
reportedly to be about 20%.616 It the present, but also in a previous study it was 
shown that in this model the impacted graft is initially stable enough for direct 
post-operative load bearing.4,5 Incorporation of the graft, new callus formation 
and remodelling of the woven bone will increase the stability of the reconstruction, 
and decrease the risk of failure. In this respect it is noteworthy to mention that all 
reconstructions, with the cage in situ, were tested after removal of the intramedullary 
nail and locking screws which will result in an underestimation of the real 
mechanical strength of the reconstruction as a whole. In the clinical situation 
eventually the intramedullary nail and locking screws might be removed when 
sufficient stability has been obtained.
This study confirms results from previous studies that the open structure of 
the cage allows revascularisation, resorption of the graft and new bone formation 
and bone remodelling, both in this model and in proximal femur reconstructions.34 
Both in patients and in animal models the resorption of the impacted graft is 
followed by replacement with new bone.29 3738 47-49
In this study, we added a hydroxyapatite paste to the bone graft. In low 
percentages, this paste is known to fill the interparticle space in reconstructions,
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which might result in better osteoconduction and higher amounts of new bone 
formation.812 However, in the present study both groups had the hydroxyapatite 
paste mixed through the graft. This makes that conclusions about the effect of 
this paste on bone graft incorporation cannot be drawn from this study. In 
concordance with previous studies we showed that the hydroxyapatite particles 
do not resorb completely after incorporation of the bone graft.841
This study has a number of limitations. The first limitation is post-operative 
period. Potentially, the effect of the mode of fixation of the central nail could have 
an early effect on mechanical stability. We choose to do mechanical tests after 
maturation of the bone at a rather late time point. This means that no early and 
intermediate time points can be assessed. However, based on the fluochrome 
labeling after 13 weeks we presume that also a mechanical test after 13 weeks 
probably would not have shown large differences between the two fixation modes. 
A second limitation is the size of the defect in goats which is 3.5 cm. This is a 
critical sized defect, but only about 20% of the length of the goat femur. In patients 
larger reconstructions are sometimes necessary, which might have a negative 
effect on primary stability and subsequent graft incorporation. However, in case 
reports successful reconstructions of defects of 9, 12 and 15 cm in lengths were 
reported with this technique,1 13 33 indicating that the possibilities for the technique 
surpasses 3.5 cm in patients. A second difference is that in patients the healing 
capacity will be compromised by trauma of soft tissues, resection of the 
periosteum or adjuvant therapy.15 In a previous experiment in which the segmental 
defect was reconstructed with a trabecular tantalum mesh, in the absence of a 
periosteal coverage; non-unions, a lack of mechanical strength and inferior 
ingrowth of new bone into the trabecular metal was found.6 Furthermore, the 
loading patterns in the goat are different relative to the human situation which 
may again affect reconstructive stability and graft incorporation.
In summary, in both groups the goats regained a normal walking pattern. 
All reconstructions healed both radiographically and histologically. Static and 
dynamic mode of nail fixation resulted in similar radiological and mechanical 
healing characteristics. Histologically, there were no large differences between 
the dynamically fixated nail reconstructions compared to the statically fixated nail 
reconstruction.
Conflict of interest statement
The authors have no conflict of interest to report. Ostim® was donated unconditionally 
by AAP GmbH, Germany. EMCN, Nijmegen, the Netherlands provided unconditional
91
#CHAPTER 5
research support to co-fund the study. Unconditional financial support for this 
work was provided by the Anna Foundation, the Netherlands.
Acknowledgements
We thank Léon Driessen and Willem van de Wijdeven for their technical assistance.
92
NO EFFECT OF DYNAMIC LOADING ON BONE GRAFT HEALING iN FEMORAL SEGMENTAL..
References
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
Attias N, Lehman RE, Bodell LS, Lindsey RW. Surgical management of a long segmental defect of 
the humerus using a cylindrical titanium mesh cage and plates: a case report. J Orthop Trauma 
2005;19(3):211-6.
Bezrukov VM, Grigor'iants LA, Zuev VP, Pankratov AS. The surgical treatment of jaw cysts using 
hydroxyapatite with an ultrahigh degree of dispersity. Stomatologiia (Mosk) 1998;77(1):31-5. 
Bolder SB, Schreurs BW, Verdonschot N, et al. Wire mesh allows more revascularization than a 
strut in impaction bone grafting: an animal study in goats. Clin Orthop Relat Res 2004;(423):280-6. 
Bullens PH, Bart Schreuder HW, de Waal Malefijt MC, et al. Is an impacted morselized graft in a 
cage an alternative for reconstructing segmental diaphyseal defects? Clin Orthop Relat Res 
2009;467(3):783-91.
Bullens PH, Schreuder BH, de Waal Malefijt MC, et al. The stability of impacted morsellized bone 
grafts in a metal cage under dynamic loaded conditions: an in vitro reconstruction of a segmental 
diaphyseal bone defect. Arch Orthop Trauma Surg 2009;129(5):575-81.
Bullens PH, Schreuder HW, Malefijt MC, et al. The presence of periosteum is essential for the 
healing of large diaphyseal segmental bone defects reconstructed with trabecular metal: a study 
in the femur of goats. J Biomed Mater Res B Appl Biomater 2010;92(1):24-31.
Buma P, Lamerigts N, Schreurs BW, et al. Impacted graft incorporation after cemented acetabular 
revision— histological evaluation in 8 patients. Acta Orthop Scand 1996;67(6):536-40. 
Busenlechner D, Tangl S, Mair B, et al. Simultaneous in vivo comparison of bone substitutes in a 
guided bone regeneration model. Biomaterials 2008;29(22):3195-200.
Carter DR, Orr TE. Skeletal development and bone functional adaptation. J Bone Miner Res 
1992;7(Suppl 2):389-95.
Carter DR, Orr TE, Fyhrie DP. Relationships between loading history and femoral cancellous bone 
architecture. J Biomech 1989;22(3):231-44.
Ceruso M, Taddei F, Bigazzi P, Manfrini M. Vascularised fibula graft inlaid in a massive bone 
allograft: considerations on the bio-mechanical behaviour of the combined graft in segmental 
bone reconstructions after sarcoma resection. Injury 2008;39(Suppl 3):68-74.
Chris Arts JJ, Verdonschot N, Schreurs BW, Buma P. The use of a bioresorbable nano-crystalline 
hydroxyapatite paste in acetabular bone impaction grafting. Biomaterials 2006;27(7):1110-8. 
Cobos JA, Lindsey RW, Gugala Z. The cylindrical titanium mesh cage for treatment of a long bone 
segmental defect: description of a new technique and report of two cases. J Orthop Trauma 2000; 
14(1):54-9.
D'Agostino P, Stassen P, Delloye C. Post-traumatic bone loss of the femur treated with segmental 
bone allograft and bone morphogenetic protein: a case report. Acta Orthop Belg 2007;73(3):396-9. 
Deijkers RL, Bloem RM, Kroon HM, et al. Epidiaphyseal versus other intercalary allografts for 
tumors of the lower limb. Clin Orthop Relat Res 2005;(439):151-60.
den Boer FC, Patka P, Bakker FC, et al. New segmental long bone defect model in sheep: 
quantitative analysis of healing with dual energy x-ray absorptiometry. J Orthop Res 1999;17(5):654-60. 
Epari DR, Schell H, Bail HJ, Duda GN. Instability prolongs the chondral phase during bone healing 
in sheep. Bone 2006;38(6):864-70.
Fages J, Marty A, Delga C, et al. Use of supercritical CO2 for bone delipidation. Biomaterials 
1994;15(9):650-6.
Frost HM. The regional acceleratory phenomenon: a review. Henry Ford Hosp Med J 1983;31(1):3-9. 
Frost HM. The biology of fracture healing. An overview for clinicians. Part I. Clin Orthop Relat Res 
1989;(248):283-93.
Frost HM. The biology of fracture healing. An overview for clinicians. Part II. Clin Orthop Relat Res 
1989;(248):294-309.
93
1.
2
3.
4
5
6.
7
8
9.
#CHAPTER 5
22. Gebert C, Hillmann A, Schwappach A, et al. Free vascularized fibular grafting for reconstruction 
after tumor resection in the upper extremity. J Surg Oncol 2006;94(2):114-27.
23. Gie GA, Linder L, Ling RS, et al. Impacted cancellous allografts and cement for revision total hip 
arthroplasty. J Bone Joint Surg Br 1993;75(1):14-21.
24. Huber FX, Berger I, McArthur N, et al. Evaluation of a novel nanocrystalline hydroxyapatite paste 
and a solid hydroxyapatite ceramic for the treatment of critical size bone defects (CSD) in rabbits. 
JMater SciMaterMed 2008;19(1):33-8.
25. Huber FX, Hillmeier J, Kock HJ, et al. [Filling of metaphyseal defects with nanocrystalline 
hydroxyapatite (Ostim) for fractures of the radius]. Zentralbl Chir 2008;133(6):577-81.
26. Johnston MS, Thode III HP, Ehrhart NP. Bone transport osteogenesis for reconstruction of a bone 
defect in the tibiotarsus of a yellow-naped Amazon parrot (Amazona ochrocephala auropalliata). 
J Avian Med Surg 2008;22(1):47-56.
27. Keijser LCM, Schreuder HWB, Boom HW, et al. Bone grafting of cryosurgically treated bone 
defects: Experiments in goats. Clin Orthop Relat Res 2002;(396):215-22.
28. Klein P, Schell H, Streitparth F, et al. The initial phase of fracture healing is specifically sensitive to 
mechanical conditions. J Orthop Res 2003;21(4):662-9.
29. Lamerigts NMP, Buma P, Huiskes R, et al. Incorporation of morsellized bone graft under controlled 
loading conditions. A new animal model in the goat. Biomaterials 2000;21(7):741-7.
30. Laschke MW, Witt K, Pohlemann T, Menger MD. Injectable nanocrystalline hydroxyapatite paste 
for bone substitution: in vivo analysis of biocompatibility and vascularization. J Biomed Mater Res 
B Appl Biomater 2007;82(2):494-505.
31. Lindsey RW, Gugala Z, Milne E, et al. The efficacy of cylindrical titanium mesh cage for the reconstruction 
of a critical-size canine segmental femoral diaphyseal defect. J Orthop Res 2006;24(7):1438-53.
32. Orr TE, Carter DR. Stress analyses of joint arthroplasty in the proximal humerus. J Orthop Res 
1985;3(3):360-71.
33. Ostermann PAW, Haase N, Rubberdt A, et al. Management of a long segmental defect at the 
proximal meta-diaphyseal junction of the tibia using a cylindrical titanium mesh cage. J Orthop 
Trauma 2002;16(8):597-601.
34. Pelzer M, Larsen M, Chung YG, et al. Short-term immunosuppression and surgical neoangiogen- 
esis with host vessels maintains long-term viability of vascularized bone allografts. J Orthop Res 
2007;25(3):370-7.
35. Schimmel JW, Buma P, Versleyen D, et al. Acetabular reconstruction with impacted morselized 
cancellous allografts in cemented hip arthroplasty— a histological and biomechanical study on 
the goat. J Arthroplasty 1998;13(4):438-48.
36. Schmidmaier G, Capanna R, Wildemann B, et al. Bone morphogenetic proteins in critical-size 
bone defects: what are the options? Injury 2009;40(Suppl. 3):39-43.
37. Schreurs BW, Buma P, Huiskes R, et al. Morsellized allografts for fixation of the hip-prosthesis 
femoral component— a mechanical and histological study in the goat. Acta Orthop Scand 
1994;65(3):267-75.
38. Schreurs BW, Huiskes R, Buma P, Slooff TJJH. Biomechanical and histological evaluation of a 
hydroxyapatite-coated titanium femoral stem fixed with an intramedullary morsellized bone 
grafting technique: an animal experiment on goats. Biomaterials 1996;17(12):1177-86.
39. Schreurs BW, van Tienen TG, Buma P, et al. Favorable results of acetabular reconstruction with 
impacted morsellized bone grafts in patients younger than 50 years— a 10-to 18-year follow-up 
study of 34 cemented total hip arthroplasties. Acta Orthop Scand 2001;72(2):120-6.
40. Smeets R, Grosjean MB, Jelitte G, et al. Hydroxyapatite bone substitute (Ostim) in sinus floor 
elevation. Maxillary sinus floor augmentation: bone regeneration by means of a nanocrystalline 
in-phase hydroxyapatite (Ostim). Schweiz Monatsschr Zahnmed 2008;118(3):203-12.
94
#
NO EFFECT OF DYNAMIC LOADING ON BONE GRAFT HEALING iN FEMORAL SEGMENTAL..
41. Spies CK, Schnurer S, Gotterbarm T, Breusch S. The efficacy of Biobon and Ostim within 
metaphyseal defects using the Gottinger Minipig. Arch Orthop Trauma Surg 2009;129(7):979-88.
42. Strietzel FP, Reichart PA, Graf HL. Lateral alveolar ridge augmentation using a synthetic nano­
crystalline hydroxyapatite bone substitution material (Ostim) preliminary clinical and histological 
results. Clin Oral Implants Res 2007;18(6):743-51.
43. Talbot M, Zdero R, Garneau D, et al. Fixation of long bone segmental defects: a biomechanical 
study. Injury 2008;39(2):181-6.
44. Togawa D, Bauer TW, Lieberman IH, et al. Histology of tissues within retrieved human titanium 
mesh cages. Spine 2003;28(3):246-53.
45. van der Donk S, Buma P, Slooff TJJH, et al. Incorporation of morselized bone grafts: a study of 24 
acetabular biopsy specimens. Clin Orthop Relat Res 2002;(396):131-41.
46. van der Donk S, Buma P, Verdonschot N, Schreurs BW. Effect of load on the early incorporation of 
impacted morsellized allografts. Biomaterials 2002;23(1):297-303.
47. van Loon CJ, Buma P, de Waal Malefijt MC, et al. Morselized bone allografting in revision total knee 
replacement—a case report with a 4-year histological follow-up. Acta Orthop Scand 2000;71(1):98-101.
48. van Loon CJM, Malefijt MCD, Buma P, et al. Autologous morsellised bone grafting restores 
uncontained femoral bone defects in knee arthroplasty— an in vivo study in horses. J Bone Joint 
Surg Br 2000;82(3):436-44.
49. Wang JS, Tagil M, Aspenberg P. Load-bearing increases new bone formation in impacted and 
morselized allografts. Clin Orthop Relat Res 2000;(378):274-81.
50. Zuev VP, Dmitrieva LA, Pankratov AS, Filatova NA. The comparative characteristics of stimulators 
of reparative osteogenesis in the treatment of periodontal diseases. Stomatologiia (Mosk) 
1996;75(5):31-4.
95

The presence of periosteum is essential 
for the healing of large diaphyseal segmental 
bone defects reconstructed with trabecular metal 
A study in the femur of goats
Pieter H. J. Bullens • H. W. Bart Schreuder • Maarten C. de Waal Malefijt 
Nico Verdonschot • Pieter Buma
J B iom ed M ater Res Part B: A p p i B lom ater 92B: 24-31, 2010
#CHAPTER 6
Abstract
Large segmental diaphyseal bone defects can be reconstructed with massive 
structural allografts, but this technique is associated with high complication rates. 
Tantalum tabecular metal implants have been successfully used to restore bone 
defects associated with revision total knee or hip arthroplasties. The aim of this 
study was to investigate if tantalum cylinders could be used to reconstruct large 
load bearing segmental diaphyseal bone defects in the presence or absence of a 
periosteum coverage. Segmental bone defects were reconstructed with tantalum 
cylinders with or w ithout preservation of the periosteum and stabilized by an 
intramedullary nail. Radiological analysis was performed postop and at 26 weeks 
follow-up. New bone was labeled with fluorochromes at 13 and 26 weeks follow-up. 
Reconstructions were tested mechanically and subsequently investigated 
histologically. Contra-lateral femurs were used as controls. Clinically all goats 
returned to normal functional loading after 2 weeks allowing unlimited weight 
bearing. Radiologically, all tantalum cylinders with periosteum coverage united 
with the host bone. Reconstructions with cylinders without periosteum coverage 
lead to radiological nonunion in five out of six cases. The strengths of the 
reconstruction with and without periosteum preservation were respectively 102.1% 
and 24.5% compared to controls. In the periosteum covered implants, bone 
contact was found at all levels of the tantalum cylinder and more and deeper 
bone ingrowth was found in this group. Tantalum cylinders seem a safe and 
reliable alternative for a massive cortical graft to reconstruct large diaphyseal 
bone defects in a goat model if healthy periosteum is present.
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Introduction
Trauma, curettage of osteomyelit ic  lesions, or resection bone tum ors  will result in 
large diaphyseal bone defects, wh ich will not heal spontaneously. Structural 
a l lografts can be used to reconstruct these large bony defects. However, the 
appl icat ion of large cort ica l a l lografts is associated with problem s like nonunion, 
infection, and fatigue fractures.1-3 Furthermore, allografts are expensive and carry 
a risk of t ransmitt ing d iseases.2,4 The healing capac i ty  of bone defects after 
onco log ica l resections may be extra com prom ised  by the resection of the 
periosteum. A retrieval s tudy of large allografts used for the reconstruction of 
onco log ica l defects showed limited bone ingrowth after a fo l low-up of 2-156 
months.5 To improve ingrowth vascularized grafts are being used, but this is a 
surgical more challenging procedure.6
Because of limited bone ingrowth structural allografts are prone to fai lure and 
viable alternatives are therefore needed. Alternative bone rep lacement materials 
for the repair of these large defects would therefore ideally have an adequate 
intrinsic strength to carry loads to com pensate  for the limited superf ic ial ingrowth 
in this com prom ised  bio logical environment. Hydroxyapatite and other ceramics 
may have superior ingrowth characteristics, at least in a normal noncom prom ised  
bony environment, but are too brittle to carry cons iderab le dynam ic  loads.7 
Materials like PMMA with superior mechan ica l properties often lack the porosity 
to a l low ingrowth.7 Trabecular metal (tantalum) implants have been successfully 
used in pr imary noncem ented hip and knee implants. This material has very good 
m echan ica l character istics and is highly porous to facil itate bone ingrowth.7-11 
Based on these favorable mechan ica l and bio logical properties, trabecular metal 
is also used in hip and knee revision situations where larger bone defects were 
reconstructed with tan ta lum implants.12-14 Therefore, we hypothesized that 
tanta lum trabecular metal could be used for the reconstruction of large segmental 
defects, but it remains unclear if it will also be successfu l in more dem anding 
com prom ised  onco log ica l conditions.
Tantalum cylinders were implanted in goat fem ora in segmenta l diaphyseal 
bone defect. The diaphyseal reconstruct ions were stabil ized with a static  locked 
in tramedullary nail to obtain a reconstruction that is stable enough for direct 
postoperative load bearing. The first aim was to investigate if these bone defects 
can be reconstructed with porous tanta lum cylinders. The second aim is to study 
the repair capac i ty  after creation of a worst case scenario by removing the entire 
periosteum. Both groups were followed clinically, rad io log ical ly and after the
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experiment the reconstructions were analyzed with mechanical and histological 
procedures to assess whether the femurs with a tantalum cylinder healed and 
recovered to match the properties of the contra-lateral nonoperated femurs.
Materials and methods
S u rg e ry
Twelve Dutch milk goats with 24 femurs (female, Capra Hircus Sana; mean weight 
66.3 kg; range 52-71 kg) were used. We divided the 24 femurs into four groups of 
six femurs (tantalum reconstruction with and without periosteum, nonoperated 
sides of the two groups). We performed a power analysis based on the relevant 
variable torsional strength. The variation was set at 8.75 Nm, which was based on 
results of a pilot study and on previous experiments in the femur of goats.15 
The difference in torsional strengths between groups was set at 15 Nm, which is 
—15% of the normal strength. The relevance of this difference for the prediction of 
fracture risk is d ifficult because in the test animals, the central nail is still in situ 
during daily activity, which will substantially contribute to the torsional strength. 
The expected variation within a group and the difference between groups led to a 
group size of six goats in this study. All animals were skeletally mature and 
operated unilaterally under general anesthesia using pentobarbital (doses 0.5 
mL/kg, pentobarbital 60 mg/mL). The goats were positioned on the left side with 
the right femur fixed. The right leg was shaved and sterilized with Betadine 
(Mundipharma AG, Basel, Switzerland). With a lateral approach, the femur was 
exposed through an 8-cm skin incision. The periosteum was opened with a 
longitudinal incision and bluntly elevated circumferentially with the overlying soft 
tissues and left in situ in the periosteum preservation group. In the second group, 
the periosteum around the defect was resected. Subsequently a 35-mm segmental 
defect was created by two osteotomies performed, at 70 and 105 mm proximal 
from the lateral joint space line of the knee with an oscillating saw under constant 
cooling with saline solution. The proximal and distal part of the femur was marked 
to prevent malrotation. The resected diaphyseal segment of the femur was 
removed. The cortical segment was replaced by a trabecular metal tantalum 
cylinder. The cellular structure of Tantalum Trabecular Metal resembles bone and 
approximates its physical and mechanical properties more closely than other 
prosthetic materials. It has a unique highly porous trabecular metal configuration. 
Trabecular Metal has interconnecting pores resulting in a porosity of 80% (Zimmer,
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Figure 1
The tanta lum cylinder with a 
height of 35 mm and an outer 
diameter of 25 mm
Allendale, NJ) (Figure 1).8,9 The cylinder 
was prefabricated to meet the defect 
size with a height of 35 mm and an 
outer diameter of 25 mm (average 
diameter shaft goat femur) and an 
inner diameter of 15 mm to allow the 
in troduction of an in tramedullary nail. 
The lateral approach was extended 
with a lateral para-patellar arthrotomy 
to the knee jo int and the patella was 
media lly luxated. In the intercondylar 
femoral notch, the cortex was perforated 
with a 3 -m m  drill. With a gu ide thread 
the intramedullary axes was determined. 
The perforation was enlarged to 11 mm. 
For fixation, a cus tom -m ade un-reamed 
femur nail was used. All s tain less steel 
nails used in this s tudy were 160-mm 
long and 10 mm in diameter. The curve, 
appl ied in a mould in a metal press, was based on the average curvation of 40 
goat femurs from the popu lat ion that is used for the experiment (female, 45 -75  
kg). The nail was inserted retrograde with the use of the insertion handle (aiming 
device) connected to the end of the nail. The nail was locked in a static  way by 
two  proximal and two distal screws, thereby following the most com m on ly  appl ied 
surgical technique. The direction and location of the holes in the handle are aimed 
at the slot holes of the in tramedullary nail. This al lows insertion of the nail and 
placing the AO locking screws (Synthes, Davos, Switzerland) w ithout the use of 
an image intensifier. The soft t issues were closed over the defect. The knee joint 
cavity was irr igated with saline solut ion to remove b lood clots, and the capsule 
was sutured. Skin w ounds were closed intracutaneously. Antib io tic prophylactics 
consisted of ampic il line subcu taneous admin istered during 5 days postoperative 
(doses 7.5 mL a day, A lbupen 100 mg/mL; Intervet, Boxmeer, the Netherlands). 
After the operative procedure, the goats were kept in a ham m ock  for 1 week to 
prevent postoperative com p lica t ions  and improve wound healing. Temgesic 
(Buprenorfine) 0.018 m L/kg was used as analgesic  three t imes a day for the first
2 days after surgery and thereafter when necessary. After the first week, they 
were allowed unlimited we ight bearing and were taken to an ou tdoor farm.
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To assess new bone formation on histological sections, each goat received 
fluorochromes by subcutaneous injections: calcein green solution (20 mg/kg) at 
13 weeks postoperatively for 2 days, and alizarin solution (30 mg/kg) for 2 days 
before the animals were euthanized. Radiographs were taken directly after surgery 
and before offering of the animals. The lateral and antero-posterior views of the 
femur were judged (by BS, MWM) for callus formation, alignment, fixation failure, 
and possible radio-lucent lines at the interface between host bone and tantalum 
implant. The gait of the goats was monitored with the score originally developed 
by Ypma, in which 0 5 not used at all, 1 5 supported incidentally, 2 5 loaded in a 
standing position and incidentally while walking, 3 5 loaded in a standing position 
and walking but with a limp, and 4 5 normal walking and standing pattern.16 After 
26 weeks, all goats were euthanized using an injection of 20 mL of 200 mg 
entobarbital/mL into the jugular vein. The operated and contra-lateral femora 
were removed and dissected free from all soft tissues. Our institution approved 
the animal protocol for this investigation, and all investigations were conducted in 
conform ity with ethical principles of research.
B io m e ch a n ica l A n a lys is
After removal of the nail and screw fixation, biomechanical and histological 
analyses were sequentially performed on the same specimens. Both the proximal 
and distal ends of the operated and contra-lateral femurs were embedded in 
acrylic cement (AutoPlast; Candulor AG, Wangen, Switzerland) in such a way that 
a diaphyseal segment, with the former defect located in the center, was free with 
a margin of 3-cm distal and proximal to the former osteotomy site. The specimens 
were mounted on a Materials Testing System machine (MTS GMBH, Berlin, 
Germany), in which the distal femur in cement was loaded in external torsion and 
the proximal cemented end of the femur was fixated except for axial translation. 
Throughout the experiment, the specimens were kept moist with R inger’s lactate 
(0.9%) at a room temperature of 20°C. All femora were tested for torsion to failure 
at a rate of 2° per second simulating a dynamic loading condition.15 The parameter 
chosen to reflect torsional strength was torque at failure. Torsion strength of the 
operated femur was expressed as a percentage of torque at failure relative to the 
contra-lateral, nonoperated femur of the same animal. Hence, 100% torsional 
strength indicated the same strength as the intact case. To allow histological 
analysis of the intact structure, the test was immediately stopped after the 
formation of a macroscopically visible spiral fracture in the bone. The generation of 
this fracture was clearly audible and the mechanical strength of the reconstruction
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Figure 2
Schematic representation of the reconstruction.
The black bars represent the planes in which detailed 
histological analysis was performed. [Color figure can 
be viewed in the online issue which is available at 
w ww.interscience.w iley.com .]
dropped immediately to a level between 0 and 40% of the strength just before the 
crack had formed.
H is to lo g ic a l E va lua tion
Directly after mechanical testing, all specimens were fixed in buffered (0.1M 
phosphate buffer, pH 7.4) paraformaldehyde (4%) for at least 1 week. Thereafter, 
at three levels 5-mm thick cross-sections of the cylinder were made at 
equal-distance from each other for nondecalcified histology (see Figure 2 for a 
schematic representation of the section planes). In addition to the cross-sections, 
two 5-mm thick slices were made parallel to the long axis of the bone at the 
interface between the two former osteotomy sites and the tantalum cylinder
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(proximal and distal sites, Figure 2). All slices were embedded in polymethyl­
methacrylate. Nondecalcified sections (about 30 lm  in thickness) were made with 
a sawing microtome (Leica SP 1600; Leica Microsystems Nederland BV, Rijswijk, 
The Netherlands) and left unstained for fluorescence m icroscopy or stained with 
hematoxylin and eosin.
All sections from each reconstruction were evaluated, including fluorescence 
microscopy, for a qualitative assessment of the incorporation process. The 
quantification of the total bone area inside and outside the cylinders of both 
groups was performed on three slices in the middle of each thick slice, resulting 
in one level exactly in the center of the defect and two in-between the center and 
osteotomy planes. These cross-sections were digitally photographed with an 
8-megapixel camera at low magnification and mounted on the computer into a 
composition of the entire slide. With a digital image analysis system (Soft Imaging 
GmBH, Münster, Germany), the surface area of the bone inside and outside the 
cylinder was measured. Also the percentage of bone apposition onto the cylinder 
was quantitated interactively with the system. In nonstained thick sections, the 
maximal bone ingrowth distance was quantified in four quarters of each section. 
The torsional strength of the four groups (tantalum reconstructions with and 
without periosteum, nonoperated sides of these two groups) was compared using 
an analysis of variance test to show differences between groups followed by a 
posthoc t-test (Tukey). A p-value below 0.05 at 95% confidence was considered 
to be a statistical significant difference.
Results
C lin ica l F in d in g s
All goats tolerated the operative procedure well. After 1 week, the animals were 
mobilized and regained full weight bearing within 2 weeks. No wound healing 
problems were observed. No differences between the two groups in clinical 
performance were found. All animals in both intervention groups regained a 
normal gait 2 weeks after mobilization (score 4).
R a d io lo g ic a l E va lua tion
In all goats, fixation and alignment remained well. Radiological analysis after 13 
and 26 weeks revealed union in all the goats in which the periosteum was retained 
(Figure 3). In the periosteum-resected group, one reconstruction was already
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Figure 3
Radiological micrograph at 
26 weeks follow-up of tantalum 
cylinder with the host bone in the 
periosteum-retained group
Figure 4
Radiological micrograph at 
26 weeks follow-up of tantalum 
cylinder with the host bone in the 
periosteum-resected groupt
united after 13 weeks, but in five goats a nonunion was observed, also after 26 
weeks follow-up (Figure 4).
B io m e c h a n ic a l Testing
All specimens with a radiological union showed a rather linear relationship 
between the angle of rotation and the torque required. After the first crack, the 
torque sharply dropped and the test was stopped immediately. In all femurs, the 
mechanical test produced a macroscopically visible spiral fracture originating at 
one of the former osteotomy sites. In the specimens with radiological nonunion, 
the femur gradually deformed during mechanical testing until fibrous tissue 
connecting the cylinder to the host bone was torn. In the periosteum-retained re­
constructions, the mean failure strength was 95.3 Nm (SD ± 18.1), which was 
102.1% of the strength of the contra-lateral femurs 92.8 Nm (SD ± 10.8). In the 
periosteum-resected reconstructions the mean failure strength was 22.2 Nm (SD
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±  32.15), which was 24.5% of the contra­
lateral bone 88.2 Nm (SD ±  6.1). The 
large SD in the resected periosteum 
group was induced by the united 
reconstruction, which had a high failure 
torque of 87.9 Nm. The failure strength 
of the periosteum reconstruction group 
was not different (p =  0.5) from the 
contra-la teral controls, but was 
signif icantly s tronger then the 
periosteum- resected group (p =  0.001). 
The per iosteum-resected group was 
signif icantly weaker than the control 
group (p =  0.03). The two control 
groups were not statistically different 
from each other (p =  0.38).
H is to lo g ic a l E va lua tion
In all six tan ta lum cylinders with 
periosteal coverage, abundant bone 
appos it ion and ingrowth was found. 
(Figure 5) F luorochrome labeling 
showed that ingrowth already had 
penetrated into the tan ta lum cylinder 
after 13 weeks postop [Figure 6(A,B)]. 
After 26 weeks, the bone ingrowth 
front had progressed only  slightly  further into the trabecular metal [Figure 6(C)]. 
The t issue in the tan ta lum cylinder conta ined f ibrous tissue (Figure 7). After the 
passage of the bone ingrowth front, the fibrous tissue has changed into fat marrow 
that conta ined sparse bone trabeculae Figure 8). The bone m ade very intimate 
contact with the tanta lum trabecular metal w ithout a vis ible interface [Figure 6(A)]. 
The cylinders w ithout periosteum coverage showed a fibrous envelop around the 
metal with sporad ic  bone appos it ion in five of the six cylinders (Figure 9). In one 
cylinder (this specif ic  spec im en was rad io log ical ly united and was also bio- 
m echan ica l ly  strong), bone appos it ion and ingrowth was observed indicative for 
a union with the host bone. The average area of bone contact with the outer 
contour of the cylinder in the cross sections was 60.5% (SD ±  11.5) in the
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Figure 5
Low magnification, HE-stained thick 
sect ion of a crosssection of the 
tanta lum cylinder with periosteal 
coverage. Notice numerous islands 
of bone covering the cylinder 
or that had been penetrated into 
the trabecular metal.
Composit ion of m icrographs taken 
at a magnification of X31.25.
[Color f igure can be viewed in the 
online issue which is available at 
www.interscience.wiley.com.
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Figure 6
Detail of bone ingrowth into 
tanta lum trabecular metal. (A)
HE stained section. (B and C) 
Nonstained section showing 
fluorescence of bone fluoro- 
chromes administered after 13 
weeks (Calcein green) and 26 
weeks (Alizarin). Notice small 
difference in ingrowth distance 
between 13 and 26 weeks. x 2.5.  
[Color f igure can be viewed in the 
online issue which is available at 
www.interscience.wiley.com.]
Figure 7
Higher magnification of f ibrous 
tissue (FT) in area in HE stained 
section showing trabecular metal 
without bone ingrowth. x 10. 
[Color figure can be viewed in the 
online issue which is available 
at www.interscience.wiley.com.]
Figure 8
Fat marrow and bone trabeculae in 
trabecular tantalum. x 5.
[Color f igure can be v iewed in the 
online issue which is available 
at www.in tersc ience.w iley .com .]
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periosteum-reta ined group versus 
4.7% (SD ±  10.4) in the periosteum- 
resected group, wh ich is a statistical 
s ignif icant d i fference (p =  0.003). The 
average area of the cylinder contain ing 
bone or bone marrow in the cross 
sections of the cylinder was 31.6%
(SD ±  8.8) in the periosteumretained 
group, versus 4.0% (SD ±  9.8) in the 
periosteumresected group (p =  0.006).
The average penetration depth of bone 
into the cylinders in the cross sections 
was 2.63 mm (SD ±  0.81) in the 
per iosteum-reta ined group versus 
0.07 mm (SD ±  0.12) in the periosteum- 
resected group (p =  0.008).
Discussion
# # 
In this s tudy we focused on the clinical performance, the rad iographical healing, 
the m echan ica l properties, and the histo logical appearance of segmenta l 
d iaphyseal bone defect reconstruct ions with a tanta lum cylinder with and without 
periosteum. This s tudy has some limitations. In goats the height of the defect was 
3.5 cm, which is a crit ical sized de fect17 but only abou t 20% of the length of the 
goat femur. In patients larger reconstructions of up to 15 -20  cm are regularly 
performed, wh ich will in fluence the primary stabil ity and possib ly  limit the use of 
this technique. The clinical pe rfo rm ance was not useful to asses healing as the 
goats with the nonun ion ’s were perform ing well due to the stabil ity of the nail.
Moreover, the loading patterns in the goat could be more forgiving com pared  with 
the tw o- leg ged  human situation. It is not known what would have happened to the 
implants that were not osseous integrated. It m ight be expected that the fibrous 
tissue inbetween the implant and cylinder will behave like a pseudoarth ros is  as in 
fai led fracture healing. On the long-term, these reconstruct ions would probably 
fail. Clinically such a situation is unwanted. Exceptions might be patients with a 
bone tum or reconstruction with a very short life expectancy. The grade of healing 
was assessed with a pure torsional test, wh ich is obviously  not directly  related to 
in vivo loading. However, a pure torsional test has a high reproducib il i ty  and a
108
#
Figure 9
Surface of trabecular metal cylinder 
in periosteumresected group 
showing fibrous tissue (FT). 35. 
[Color f igure can be viewed in the 
online issue which is available at 
www.interscience.wiley.com.]
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high sensit iv ity to the healing status of the reconstruction and allowed com parison 
to results of earlier reported values.
Structural allograft bone is the primary alternative for reconstruction in oncological 
limb salvage procedures. Failure rates after massive al lograft reconstructions 
have been reported as high as 60% at 10 years.18 A 50% loss in strength of al lograft 
t issue was noted after 10 years in vivo.18 Loss of strength was corre lated with an 
increase in micro-fracture prevalence and decrease in bone mineral density  within 
the retrieved al lograft cortex.18 A histo logical s tudy of massive human allografts in 
onco log ica l reconstructions, retr ieved from 2 to 156 months after implantation 
showed that repair of the necrotic  graft matrix was both external and internal. 
External repair consis ted of the appos it ion of a thin seam of host bone on the 
outer surface of the graft. Internal repair was conf ined to the ends of the cort ices 
and penetrated so slowly  that only 15-20%  of the graft was repaired by 5 years.5
Because of the limited incorporation, cort ical bone allografts have been laser 
perforated to improve ingrowth to some extent.19 Other alternatives m ight be to 
use vascularized grafts20,21 or distraction osteogenesis using external fixation 
system s.20 22-24 Vascularized grafts are mainly performed with f ibula grafts.621 The 
method is technica lly  demanding, induces donor site m orb id ity  and the f ibular 
graft is not useful to reconstruct a femur in total. Distraction osteogenesis has a 
high com plica t ion  rate such as pin tract infections, pin loosening, nonunion, joint 
stiffness, soft t issue contracture, and pain. A second d rawback  is the duration 
of t reatment with several addit ional operative procedures, wh ich requires 
cons iderab le patient com p liance .22-24 Bone rep lacement materials like 
hydroxyl-apatite and other ceram ics have superior ingrowth characteristics, but 
are too brittle to carry long-term dynam ic  loads.7 Materials like PMMA have 
superior mechanical properties, but lack an open structure to a l low suffic ient 
ingrowth.7 Trabecular metal seems to have adequate mechanical and biological 
properties.12 Our radio log ical analysis revealed abundant external callus around 
the Tantalum implant in the per ios teum-preserved group. This secondary  bone 
healing caused by the relative instabili ty of the reconstruction with an in tramedullary 
nail induces more callus formation, wh ich is well known from fracture healing 
stud ies.8 In our periosteumresected group, bone formation was only observed at 
the ends of the host bone that is in acco rdance  with the report of Huh et al. in 
wh ich healing of bone defects with periosteum resection was observed only  at 
the ends of the host bone and penetrated only a few m m .25 The size of the critical 
defect in their canine mandible model was 15 mm when the periosteum was 
removed and 50 mm when the periosteum was preserved.25 The nonunion in the
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defect reconstruct ions in our s tudy can be the result of the com binat ion  of 
instabili ty caused by the in tramedullary nail and the lack of fixation of the cylinder 
by external cal lus, wh ich is d im inished due to the resection of the periosteum. 
Zou et al. reported improved interface healing and fusion rates of Tantalum 
in terbody cages for lumbar fusion with addit ional stabil ization with pedic le  screw 
f ixation.26
Stabil i ty therefore seems to be an im portant factor in influencing healing, 
particularly  in the absence of an intact periosteum.27 In these cases, the 
reconstruction probab ly  needs a more rigid fixation. Of the various methods 
available for fixation of com p lex  fractures, the locked plating may be the preferred 
since this method was designed to reduce soft t issue dam age by preserving the 
periosteum.28 29 Rigid nonlocking plate fixations are related to a h igher num ber of 
com p lica t ions in com m inuted fracture care due to the addit ional dam age of soft 
tissue com pared  to in tramedullary nail ing.30 In our reconstruct ions in wh ich the 
periosteum is resected, the soft t issues however can hardly be further com prom ised  
by plating. As bone healing occurs  at the ends of the host bone without periosteum 
preservation, healing will probab ly  benefi t from a more rigid reconstruction in 
which primary bone healing could cross the gap between bone and ‘‘artificial 
bone cylinder.’ ’ Therefore, a plate fixation cou ld theoretically result in primary 
bone formation between the left periosteum at the resection plane and the 
Tantalum cylinder. This could lead to a higher union rate in defects w ithout 
periosteum coverage com pared  to in tramedullary nailing alone. In oncolog ica l 
reconstructions, ad juvant chem otherapy  and rad iotherapy will have an additional 
adverse effect on bone healing. In these cases, it cou ld be an illusion to achieve 
a comple te b io logical reconstruction. In Tantalum cylinder reconstructions, 
however, bone probab ly  does not need to reach the center of the defect to obtain 
an adequate stable reconstruction in t ime. As shown in our group of reconstruc­
t ions in wh ich the bone ingrowth area in the Tantalum cylinder was 31.6% in the 
per iosteum-covered group and the m echan ica l strength equaled the contra-lateral 
nonopera ted femur. In a dog model, 60% of the cort ical auto graft in the fibula 
had remodeled after 1 year and strength was still d im inished com pared  to the 
contra-la teral side.11
Trabecular tan ta lum implants have been successfu lly  used to restore bone 
defects in jo int rep lacements.121331 Adequate m echan ica l character istics and 
bone ingrowth into its porous structure have been reported.8 In contrary to 
Tantalum, bone graft healing induces resorption, w h ich is followed by replacement 
of new bone. This cou ld lead to structural weakness and subsequent instabi lity
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during the remodeling phase. The application of tantalum obviously does not 
carry this risk. Furthermore, the tantalum cylinder has the advantage that it is 
available in several sizes and is safe to use. In this study, radiological union of 
the Tantalum cylinders was observed in the group with periosteum preservation. 
The integration with the host bone and ingrowth of new bone was adequate 
leading to superior mechanical characteristics. The torsional strength of the 
Tantalum cylinder reconstruction with periosteum had regained to 102% after 6 
months compared to the contralateral nonoperated side. In our previous study in 
this animal model the torsional strength, of a massive cortical autologeous graft 
(resected part of the bone that was replaced) with periosteum, was 60% of the 
normal value after 6 months.32 Segmental defects in other animal models 
reconstructed with cortical grafts and periosteum preservation had regained 
to 50% in torsional strength after half a year and nearly normal torsion strength 
after 1 year.33,34 Tantalum clearly performed better than massive allograft with 
periosteum preservation. The reconstructions with the Tantalum cylinder without 
periosteum coverage revealed only 24.5% of torsional strength after 6 months. In 
this group of six goats, five reconstructions developed a nonunion and therefore 
Tantalum reconstructions w ithout periosteum coverage and nail fixation were 
judged inadequate.
In conclusion, we showed that a Tantalum cylinder with periosteum 
preservation was adequate to reconstruct a segmental diaphyseal bone defect in 
a goa t’s femur. The reconstruction of the bone defects using a Tantalum cylinder 
with periosteum resection and an intramedullary nail lead to poor mechanical and 
biological outcome compared to the periosteum-preserved group. We are 
convinced that a Tantalum cylinder is a promising alternative for the massive 
cortical allografts in the reconstruction of large diaphyseal defects. However, 
when the periosteum is resected a reconstruction in combination with an 
intramedullary nail is insufficient.
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Failure of reconstructions of segmental
long bone defects using trabecular metal cylinders
in combination with plate fixation
Pieter H. J. Bullens
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Abstract
Large segmental diaphyseal bone defects can be reconstructed with massive 
structural allografts but this technique is associated with high complication rates. 
Tantalum trabecular metal implants have been successfully used in an animal 
model to restore large long bone defects in combination with intramedullary nail 
fixation and periosteum coverage. However, in a previous experiment the absence 
of the periosteum in combination of Tantalum cylinders with nail fixation lead to 
failures due to a lacking union of the host bone with the tantalum cylinders (see 
Chapter 6 of this thesis for details of this study). The aim of this study was to 
investigate if plate fixation in combination with the tantalum cylinders could induce 
sufficient primary bone healing for union in the absence of the periosteum.
Segmental bone defects in six goats were reconstructed with tantalum 
cylinders in combination with plate fixation. Radiological analysis was performed 
post-operative and at 26 weeks follow-up. New bone formation was labelled with 
fluorochromes at 13 and 26 weeks follow-up. Reconstructions were tested 
mechanically and subsequently investigated histologically. Contra-lateral femurs 
were used as controls for the mechanical test.
Clinically all goats mobilised after 2 weeks. Radiologically, all cylinders without 
periosteum coverage where not united. In three out of 6 reconstructions the plate 
lost fixation with displacement of the tantalum cylinders. In the remaining three 
cylinders X-rays revealed non unions without displacement of cylinder and plate. 
Histological analysis of these three specimens confirmed only fibrous tissue 
ingrowth into the cylinders and no primary bone healing. The strength of these 
three reconstructions was 19.5% compared to the contralateral controls.
In conclusion reconstruction of large diaphyseal bone defects with tantalum 
cylinders in combination with a nonlocking plate fixation in a compromised bone 
defect model w ithout periosteum lead to poor results.
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Introduction
Previously we demonstrated that tantalum cylinders in combination with 
intramedullary nail fixation can be successfully used for the reconstruction of 
large segmental bone defects with periosteum coverage (see Chapter 6 of this 
thesis). Since the healing capacity of bone defects after oncological resections is 
extra compromised by resection of the periosteum, we investigated a group in 
this study in which the periosteum was completely removed. However, this 
compromised model leads to poor outcome (see Chapter 6 of this thesis). Five 
out if six specimens did not show bone healing at the osteotomy sites and 
mechanical stability was poor. We speculated that the initial stability of an 
intramedullary nail in combination with a poor osteogenic potency induced by the 
lack of the periosteum was not sufficient to allow sufficient bone healing. A plate 
fixation is an option for the stabilization of segmental fractures 14. Therefore in this 
study a plate fixation was used for optimal stabilisation of the defect site. We 
hoped to achieve primary bone healing from the resected ends of the host bone, 
even in the absence of a periosteum. We therefore, reconstructed segmental 
femoral defects with trabecular metal cylinders in combination with a non-locking 
plate fixation. Thereafter the goats were followed clinically, radiologically and after 
sacrificing the animals the reconstructions were analyzed with mechanical and 
histological procedures to assess whether the femurs with a tantalum cylinder 
healed and recovered to match the mechanical properties of the contra lateral 
non-operated femurs.
Materials and methods
Six Dutch female milk goats (Capra Hircus Sana; weight range, 56-66 kg) were 
used in this study. In this group of six goats a segmental bone defect was 
reconstructed with a trabecular metal cylinder (Tantalum) and additional plate 
fixation. Non-operated contralateral femurs were used as controls. The number of 
goats within the intervention group was based on a power analysis on the variation 
of the relevant variable torsional strength of 8.75 Nm with the difference in torsional 
strengths between groups set at 15Nm, which is considered to be a clinical 
relevant difference of about 15% of the normal strength [5,6,29]. All animals were 
skeletally mature. All investigations were conducted in conform ity with ethical 
principles of research and approved by the ethical committee of the University.
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Under general anaesthesia using pentobarbital (doses 0.5 ml/kg, pentobarbital 
60 mg/ml), each animal was operated on unilaterally. The goat was positioned on 
the left side with the right femur fixed. The right leg was shaved and sterilized with 
Betadine (Mundipharma AG, Basel, Switzerland). Using a lateral approach, the 
femur was exposed through an 8-cm skin incision. The periosteum was left 
attached to the bone. Subsequently, a 3.5-cm segmental bone defect was created 
by two osteotomies 7 and 10.5 cm proximal of the lateral joint space line of the 
knee made with an oscillating saw under constant cooling with saline solution. 
The proximal and distal part of the femur was marked to prevent rotation malunion. 
The resected diaphyseal segment of the femur was removed including the 
periosteum. The cortical segment was replaced by a trabecular metal tantalum 
cylinder. The cellular structure of Tantalum Trabecular Metal resembles bone and 
approximates its physical and mechanical properties more closely than other 
prosthetic materials. It has a unique highly porous trabecular metal configuration. 
Trabecular Metal has interconnecting pores and is generated in a variety of 
porosities. In our study we used a porosity of 80% (Zimmer, Inc, Allendale, NJ). 
The cylinder was prefabricated to meet the defect size with a height of 35 mm and 
an outer diameter of 25 mm (average diameter shaft goat femur) and an inner 
diameter of 15 mm. The reconstruction was stabilized with an 8 hole large 
fragment DCP plate (Synthes, Philadelphia, PA, USA) which induced compression 
over the cylinder (fig 1.). The compression was used to obtain good contact 
between bone and cylinder and to avoid migration of the cylinder. The soft tissues, 
without the resected periosteum, were closed over the defect. Skin wounds were 
closed intra-cutaneously. Antibiotic prophylactics consisted of ampicilline 
subcutaneously administered for 5 days postoperatively (doses 7.5 ml a day, 
Albupen 100 mg/ml; Intervet, Boxmeer, The Netherlands).
After the operative procedure, the goats were kept in a hammock for 1 week 
to prevent postoperative (wound healing) complications. After this first week, the 
goats were allowed unlimited weight bearing. After 2 weeks, the animals were 
transported from the central animal facility to an outdoor farm. Temgesic 
(Buprenorfine) at a rate of 0.018 ml/kg was used as an analgesic three times a 
day for the first 2 days after surgery. To assess new bone formation on histological 
sections, each goat received fluorochromes, a subcutaneous injection of calcein 
green solution (20 mg/kg) at 13 weeks postoperatively for 2 days, and alizarin (30 
mg/kg) solution for 2 days before the animals were euthanized. Radiographs were 
taken directly after surgery and after sacrificing the animals (fig 2.). The lateral 
and antero-posterior views of the femur were judged (PBul, GH) for callus
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Figure 1
Plate fixation of the Tantalum cylinder
Figure 2
Direct post operative radiograph of the Tantalum/plate reconstruction
formation, alignment, fixation failure, and disappearance of the host-cylinder 
junction.
After 26 weeks, all goats were euthanized using an injection of 20 ml of 200 
mg pentobarbital/m l into the jugular vein. The operated and contra lateral femora 
were removed and dissected free from all soft tissues. After removal of the plate 
fixation, biomechanical and histological analyses were performed on the same
119
#CHAPTER 7
specimens. Both the proximal and distal ends of the operated and contra lateral 
femurs were embedded in acrylic cement (AutoPlast; Candulor AG, Wangen, 
Switzerland) such that a diaphyseal segment, with the former defect located in 
the centre, was free with a margin of 3 cm distal and proximal to the former 
osteotomy site. The specimens were mounted in a Materials Testing System 
machine (MTS GMBH, Berlin, Germany), in which the distal femur in cement was 
loaded in external torsion and the proximal cemented end of the femur was fixated 
except for axial translation. Throughout the experiment, the specimens were kept 
moist with Ringer’s lactate (0.9%) at a room temperature of 20° C. All femora were 
tested for torsion to failure at a rate of 2° per second. The parameter chosen to 
reflect torsion strength was torque at failure. Torque at failure of the operated 
femur was expressed as a percentage of torque at failure relative to the 
contralateral, non-operated femur of the same animal.
Directly after mechanical testing all specimens were fixed in buffered (0.1 M 
phosphate buffer, pH 7.4) paraformaldehyde (4%) for at least 1 week. Thereafter, 
at three levels 5 mm thick cross-sections of the cylinder were made at 
equal-distance from each other for non-decalcified histology. In addition to the 
cross-sections, two 5-mm thick slices were made parallel to the long axis of the 
bone at the interface between the two former osteotomy sites and the tantalum 
cylinder. All slices were embedded in polymethylmethacrylate. Non-decalcified 
sections (about 30 ,um in thickness) were made with a sawing microtome (Leica 
SP 1600; Leica Microsystems Nederland BV, Rijswijk, The Netherlands) and left 
unstained for fluorescence m icroscopy or stained with hematoxylin and eosin.
All sections from each reconstruction were evaluated, including fluorescence 
microscopy. The torsional strength of the two groups (cylinder reconstruction and 
non-operated controls), and the histology data were compared using a Mann 
Whitney U and Wilcoxson ranks test to show differences between groups.
Results
All six goats tolerated the operative procedure well. After 1 week the animals were 
mobilized. No wound healing problems were observed.
Radiographically, in three goats, the plate fixation and the alignment of the 
tantalum cylinder in the defect site was still adequate at 26 weeks postoperative. 
In these goats the host bone contacted the tantalum cylinder, but in some 
locations very thin radiolucent lines was present between cylinder and osteotomy
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planes. The bone close to the osteotomy resection plane showed some sclerosis. 
In one out of these three specimens there was some callous overgrowth over the 
tantalum cylinder.
In the other three goats the plate lost fixation. In these goats the tantalum 
cylinder was displaced and the alignment was lost. All femurs showed fibrous 
tissue and callus formation on the surface of the cylinders in the host-cylinder 
junction.
The mechanical test showed in the non-operated femurs a rather linear 
relationship between the angle of rotation and the torque required. The bones 
fractured by splintering into numerous larger and smaller fragments. In the 
operated femurs with radiological non-union, the femur gradually deformed 
during mechanical testing until fibrous tissue connecting the cylinder to the host 
bone was torn. The mean failure strength of the operated femurs was 18.3 Nm 
(SD ± 6.11) which was only 19.5 % of the mean failure strength of the contralateral 
control femurs which was 94.0 Nm (SD ± 9.85 ).
Histological analysis showed that in the cylinders only fibrous tissue developed 
and no bone was present, also not in that part of the cylinders facing the osteotomy 
sites. Fluorochromes were therefore not useful as no bone formation occurred at 
the osteotomy sites.
Discussion
In this study we focused on the clinical performance, the radiographical healing, 
the mechanical properties and the histological appearance of segmental 
diaphyseal bone defect reconstructions with a tantalum cylinder without 
periosteum coverage and plate fixation to compare with a fixation with an intra­
medullary nail w ithout periosteum (see Chapter 6 for details). The plate fixation 
lead to non-union of the cylinders as did a high number of nail fixations.
For a discussion on the limitations of the model, the currently used materials 
for the reconstruction of such defects in patients, and for the pros and cons of the 
currently used reconstruction methods see the discussion of Reference 1 and 
Chapter 4 and 6 of this thesis. In the previous study all tantalum cylinders with 
periosteum coverage and nail fixation united with the host bone and periosteal 
bone apposition was found. The reconstructions with the cylinder without 
periosteum coverage and nail fixation lead to radiological non-union in 5 out of 6 
cases at the transition of cylinder with the host bone. The strengths in a torsion
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test of the femur with periosteum preservation were 102.1 % as compared to the 
contra lateral femur after six months. Torsion strength of the nail reconstructions 
without periosteum was 24.5 % as compared to the contra lateral femurs. In the 
periosteum covered implants bone contact was found at all levels of the tantalum 
cylinder and more and deeper bone ingrowth was found in this group. Only one 
cylinder in the group without periosteum revealed bone ingrowth, the other 5 
cylinders were surrounded by fibrous tissue.
Frost reported that the formation of callous might be under the influence of a 
regional acceleratory phenomenon (RAP) in fracture healing 2-4, indicating that 
callous formation is a common biological reaction to a number of non-mechanical 
biological factors like inflammation and the production of growth factors by the 
repair tissue. On the other hand abundant callous formation might also be 
induced by instability of the fracture site 5, 6. In a previous study in which the defect 
was reconstructed with impacted trabecular bone or a structural graft 7 we 
observed that the extend of the callous is probably related to the fit of the nail in 
the intramedullary canal 7.
In the periosteum resected animals of our previous experiment8 with nail 
fixation bone formation was only observed at the ends of the host bone which is 
in accordance with the report of Huh et al 9. They reported healing of bone defects 
with periosteum resection only at the ends of the host bone and penetration of 
only a few mm.9 We hypothesized that the non-unions in the defect reconstruc­
tions in our previous study with the dynamized intramedullary nail could be the 
result of the combination of implant instability and the lack of fixation of the 
cylinder by external callus (secondary bone healing) which is diminished due to 
the resection of the periosteum.
We hypothesized also based on the literature that the level of initial stability is 
an essential factor to influence healing, particularly in the absence of an intact 
periosteum.10 Zou et al. reported improved interface healing and fusion rates of 
Tantalum inter-body cages for lumbar fusion with additional stabilization with 
pedicle screw fixation.11. Therefore we speculated that a more rigid fixation could 
lead to the desired result. However, the expected bone healing at the ends of the 
host bone in this compromised situation was not established in this study by 
means of a non locking plate. Compared to the results of the previous study in 
which the defect was stabilised with the intramedullary nail the situation was 
clearly inferior. In three specimens the plate had lost position indicating that the 
mechanical properties of the plate were not sufficient in this situation.
Of the various methods available for fixation of complex fractures, the locked
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plating may be the preferred option over a non locking plate since this method 
was designed to reduce soft tissue damage by preserving the periosteum and 
increasing stability.12, 13 The use of locking plates needs further investigation for 
the use in these defects.
In conclusion a non-locking plate fixation in combination with a trabecular 
metal cylinder for reconstruction of a relatively large segmental defect lacking 
periosteum does not provide a solution that allows adequate bone healing and a 
long-term clinical successful treatment.
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Summary closing remarks and future perspectives

SUMMARY, GENERAL DISCUSSION AND FUTURE RESEARCH
Summary, closing remarks and future perspectives
In normal c ircum stances fracture healing occurs  uneventfully. C om pound 
fractures with bone and soft t issue loss induced by high energy injuries have high 
com plica t ion  and poor healing rates. Bone loss and com prom ised  soft t issues 
also occur after resection of bone tum ours  and nettoyage of osteomyelit is . The 
bone healing is markedly decreased in such severe fractures by displacement, 
comminut ion, loss of bone and decreased blood supply  to the fracture site. 
Add it ional ly  the gross instabili ty in these large bone defects necessitates 
stabil isation with nails, plates or external fixators, wh ich can further com prom ise 
the bone healing capacity.
The two major factors influencing the bio logical bone healing response are 
the presence of a vital periosteum and m echan ica l stability. In the past, due to a 
lack of treatment modalit ies, extremities of patients with large bony defects were 
treated by pr imary amputation. New treatment modalit ies of stabil ization and 
soft-t issue reconstruction allowed salvage of more limbs. Surgeons started to use 
structural allografts for the reconstruction of these large bony defects. However, 
these massive cort ical allografts do not incorporate into new bone and are 
associa ted with prob lem s such as non-union, infection, and fat igue fractures 1 
An alternative method for both the fixation and regeneration of new bone in large 
defects is distraction osteogenesis using external fixation systems. However, this 
method appeared to be technica lly  dem anding and has a high com plica t ion  rate 
(up to 2-3.2 com p lica t ions  per patient) 2. Ano ther d isadvantage is the duration of 
t reatment and num ber of additional operative procedures, wh ich may even result 
in late amputa t ions of the com prom ised  extremity. Such procedures require 
cons iderab le patient com p liance  2. Hence, there is an urgent need to develop 
alternative procedures to address these large segmenta l bone defects.
Impaction bone grafting is very effective for the reconstruction of large bone 
defects and restoring load bearing capabili ty in revision arthroplasty. It has been 
particularly effective for filling large bone defects associated with failed hip and knee 
prostheses with survival rates of 90% to 94% after 10 to 18 years of follow-up 3. 
Moreover the bone graft acts as a scaffold for new bone formation resulting in 
regeneration of the lost bone. In case of large segmental defects, containment of the 
impacted bone graft was achieved by metal meshes, which were placed around the 
original location of the missing segmental bone. In a series of three patients who 
sustained open Gustilo-Anderson type IIIB tibial fractures associated with extensive 
segmental bone and soft tissue loss, defects were successfully reconstructed with a
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cage packed with cancellous bone graft and stabilized with an intramedullary nail 4. 
Similarly successful results were reported in a number of cases using porous 
trabecular metal implants (tantalum) to reconstruct large skeletal defects following 
resection of bone tumours 5. These case studies have shown that reconstruction 
using cages and trabecular metal are promising. The number of patients treated with 
these techniques was small and this technique needs further preclinical investigation 
into the factors important for success or failure.
The overall aim of this thesis was to further develop and test various solution 
scenarios for the reconstruction of large bony defects so that immedia te 
postoperative we ight-bear ing is possib le, without external fixation in a single 
procedure. The study has focused specif ica lly  on the method of fixation, the 
effect of load-transfer to the graft on the bio logical and m echan ica l outcome, and 
on the effect of the periosteum on bone healing and consolidation.
In chap te r one we describe the sequence of events in uncom plica ted fracture 
healing. The healing of large segmenta l bone defects with soft t issue and bone 
loss with subsequent instabili ty appears  to be very problematic. A l iterature review 
of the results and com p lica t ions  of current m ethods of treatment is discussed. 
Because of the lack of a single treatment modality, wh ich is technica lly  simple 
and has a low com plica t ion  rate, the aims of this thesis were formulated.
Reconstructions of large segmenta l bone defects after resection of bone tumours 
with massive structural allografts have a high num ber of reported com plica t ions 
such as fracture, infection and non-union. In chap te r tw o  we reported the survival 
and com plica t ion  rates of massive allografts in our patients related to the mode of 
fixation. Thirty two patients were evaluated for fracture, infection, non-union and 
survival rates of their massive allograft reconstructions. The average fo l low-up for 
this group was 5 years and 3 months. The total fracture rate was 13 % with a total 
infect ion rate of 16 %. We found a relatively low union rate of 25%. The total survival 
rate of the allografts was 80.8 % after 5 years, wh ich is com parab le  with other 
studies. We failed to f ind a s ignif icant d ifference between the fixation of the graft 
with the stem of an arthrop lasty or osteosynthetic  implant (nail or plate). Two 
failures were observed after plate fixation and three out of four knee fusion nails 
failed. The grafts fixed with the stem of an arthroplasty had a tendency  to have a 
better fixation in the short term. However, failure related to the arthroplasty is 
expected to increase with the length of follow-up.
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Reconstructions of segmental diaphyseal bone defects with massive allografts 
are related to complications, such as non-union and fracture. A reconstruction of 
these defects with a cage filled with an impacted morsellized bone graft could be 
an alternative However it was not known if the impacted graft in such application 
is stable enough. In chap te r th ree  the stability of an impacted morsellized bone 
graft was assessed in a cage under dynamic loading conditions in an in vitro 
reconstruction of a segmental diaphyseal bone defect. The second goal was to 
assess the influence on stability of cage type, washing of the graft and bone-cage 
fit. Two different cage types were filled with impacted morsellized bone graft. The 
grafts were washed or unwashed in variable bone-cage fit conditions. We 
recorded the bone graft deformation in the cage under dynamic loaded conditions. 
Stability was not very sensitive to the cage type and whether the bone chips were 
washed or not. However, it appeared that the degree of fit of the cage with the 
bone segment influenced the mechanical stability. This means that an optimal fit 
is essential during surgery. In conclusion, it was found that morsellized impacted 
bone graft in a cage is stable in dynamic loaded conditions in an in vitro 
reconstruction of a segmental diaphyseal bone defect with proper fit.
In chap te r fo u r we developed an animal model to reconstruct large diaphyseal 
bone defects. We questioned whether impacted morsellized bone graft could be 
an alternative for a massive structural graft in reconstructing large diaphyseal 
bone defects. Defects in the femora of goats were reconstructed using a cage 
filled with firmly impacted morsellized allograft or with a structural cortical 
autograft (n = 6 in both groups). All reconstructions were stabilized with a statically 
locked intramedullary nail. The goats were allowed full weight bearing. In all 
reconstructions, the grafts united radiographically. Mechanical torsional strength 
of the femur with the cage and structural cortical graft reconstructions were 66.6% 
and 60.3%, respectively, as compared with the contra-lateral femurs after 6 
months. Histologically, the impacted morsellized graft was completely replaced 
by new viable bone. In the structural graft group, a mixture of new and necrotic 
bone was present after creeping substitution. Incorporation of the impacted graft 
into new viable bone suggests this type of reconstruction may be safer than 
reconstruction with a structural graft in which creeping substitution results in a 
mixture of viable and necrotic bone that can fracture. The data suggest that a 
cage filled with a loaded morsellized graft could be an alternative for the massive 
cortical graft in reconstruction of large diaphyseal defects in an animal model.
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In chap te r five  we studied if a static or dynamic mode of fixation influenced the 
healing of segmental defect reconstructions in long bones. Defects in the femur 
of goats were reconstructed using a cage filled with firm ly impacted morsellized 
allograft mixed with a hydroxyapatite paste (Ostim). All reconstructions were 
stabilized with an intramedullary nail. In one group (n = 6) the intramedullary nail 
was statically locked, in the second group (n = 6) a dynamic intramedullary nail 
was applied. We hypothesized that dynamization of the nail would have a positive 
effect on the healing of the bone graft. Immediately postoperatively the goats 
were allowed to perform full weight-bearing. Mechanical torsional strength of the 
femur with the cage in static and dynamic mode appeared to be 74.8 ± 17.5 % 
and 73.0 ± 13.4 %, respectively as compared with the contra-lateral femurs after 
6 months. In all reconstructions, the grafts united radiographically and remodelled 
into a new vital bone structure. The data suggest that healing of these defects 
with a morsellized graft in a cage is not significantly influenced by dynamic load 
in this model.
In chap te r s ix  it was investigated if tantalum cylinders could be used to reconstruct 
large load bearing segmental diaphyseal bone defects in the presence or absence 
of periosteal coverage. In goats segmental bone defects were reconstructed with 
tantalum cylinders with (N = 6) or w ithout (N = 6) preservation of the periosteum 
and stabilized by an intramedullary nail. Radiological analysis was performed 
postoperative and at 26 weeks follow-up. New bone was labelled with 
fluorochromes at 13 and 26 weeks follow-up. Reconstructions were tested 
mechanically and subsequently investigated histologically. Contra-lateral femurs 
were used as controls. Clinically all goats returned to normal functional loading 
after 2 weeks allowing unlimited weight bearing. Radiologically, all tantalum 
cylinders with periosteum coverage united with the host bone. Reconstructions 
with cylinders without periosteum coverage lead to radiological non-union in five 
out of six cases. The strengths of the reconstruction with and without periosteum 
preservation compared to controls were 102.1% and 24.5%, respectively. In the 
periosteum covered implants, bone contact was found at all levels of the tantalum 
cylinder greater and deeper bone ingrowth was found in this group. Tantalum 
cylinders seem a safe and reliable alternative to a massive cortical graft in 
reconstruction of large diaphyseal bone defects in a goat model if healthy 
periosteum is present in combination with an intramedullary nail.
132
#
SUMMARY, GENERAL DISCUSSION AND FUTURE RESEARCH
In chap te r s ix  it was shown that tantalum trabecular metal implants have been 
successfully used to restore large long bone defects in combination with 
intramedullary nail fixation and periosteum coverage. In the absence of the 
periosteum the combination of Tantalum cylinders with nail fixation leads to poor 
results. The internal fixation of the defect site with an intramedullary nail appears 
not to provide sufficient stability to allow bone healing in this compromised 
situation. The aim of the study of chap te r seven was to investigate if tantalum 
cylinders could be used to reconstruct large load bearing segmental diaphyseal 
bone defects in the absence of periosteum in combination with a plate fixation, 
relying on primary bone healing. Segmental bone defects in 6 goats were 
reconstructed with tantalum cylinders and non-locking plate fixation. Radiological 
analysis was performed post-operative and at 26 weeks follows up. New bone 
was labelled with fluorochromes at 13 and 26 weeks follow up. Reconstructions 
were tested mechanically and subsequently assessed histologically. Contra-lateral 
femurs were used as controls. Clinically all goats returned to functional loading 
after two weeks allowing unlimited weight bearing. Radiologically, all cylinders 
w ithout periosteum coverage lead to radiological non-union. The strengths of the 
reconstructions were 14.8 % compared to the non-operative side. Histology 
revealed fibrous non-union of the cylinder with bone formation at the ends of the 
host bone. It was concluded that Tantalum cylinders to reconstruct large 
diaphyseal bone defects in a goat model w ithout periosteum in combination with 
a non-locking plate fixation lead to poor results.
Closing remarks and future investigations
The new techniques using cages filled with impacted morsellized graft and 
trabecular metal cylinders have appeared to be promising. There are, however, a 
few concerns. The metal implants could be associated with a higher infection rate 
especially when used after open fractures. Another issue is that after union the 
metal is incorporated into the bone. The metal may act as a stress shield which 
may cause subsequent bone resorption, which was discussed in chapter 4. The 
solution might be to use a resorbable mesh/cage in reconstructions. The strength 
of these resorbable implants, however, should be adequate for large weight 
bearing reconstructions. Resorption and mechanical degradation speed of the 
cages should be adequately tuned. Some early reports about the experience with 
resorbable implants state that these are complicated by an abundant soft tissue
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granu lat ion reaction induced by the degrada t ion  p roduc ts  and subsequent 
pro longed fis tu l ing6.
In future investigations the bone graft material used for f illing the defects and 
cages could be rep laced by processed bone-bank bone or by biomateria ls. To 
achieve more rapid healing osteo inductive prote ins could be used in combinat ion 
with osteoconductive  biomateria ls. Several techn iques to develop a th ree -d im en­
sional scaffo ld that com bine b iodegradab i l i ty  and bioactiv ity are currently  being 
investigated 12. Since cell adhesion is mediated by pro te in -ce l l  in teractions via 
recognit ion of cell receptors, the new design of biomateria ls is now focused on 
biological stimulation. Some of the most com m on ly  em ployed strategies are the 
functionalization of biomaterial surfaces using proteins and peptides that stimulate 
stem cells to form osteoblasts, which generate an extracellular matrix of new bone 7 
The addition of growth factors into the scaffo ld com pos it ion  for a controlled 
delivery to the surrounding cells has already been used: f ibroblast growth factor 
(FGF), platelet-derived growth factor and insulin-l ike growth factor, TGF, BMPs, 
interleukins and interferons. Most promis ing and extensively tested is BMP-2 
wh ich has been successfully  used in spinal fusion surgery and to enhance 
healing in long bone non-union and acute open fractures of the tib ia shaft 910. 
This deve lopm ent could provide the solution for reconstructing segmenta l defects. 
A concern, however, is the report of some serious com p lica t ions  like extensive 
seroma formation, bone resorption and heterotop ic bone formation 8.
Conventional non- lock ing plate osteosynthesis can result in histo logically 
and rad io log ical ly  bone loss, wh ich has been attr ibuted to stress protection 
(W o lf f 's  law). Increased cort ica l bone porosity  ad jacent to these plates is 
observed. This porosity was explained by impaired vascular perfusion underneath 
the plate due to high com press ion forces between bone and plate. This can lead 
to failure and subsequent instability ref 11 and Chapter 7. The stability of the reconstructions 
could be improved by locking plates instead of non- lock ing plates, wh ich act like 
an external fixator making plate bone contact unnecessary, or press fit 
in tramedullary nails. This improvement in stabil ity might be suffic ient in situations 
without periosteum coverage to a l low for pr imary bone healing.
Intimate contact between host and graft material, optimal biological stimulation 
and long term stabil ity are probab ly  both mandato ry  to achieve union.
In conc lus ion for clinical practice the cage technique filled with morsellized 
bone graft is an option to restore bone stock in large segmenta l bone defects. 
Trabecular metal can be an alternative as well especia l ly  when b io logy is 
d im inished because it 's intr insic strength will remain without the need of comple te
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remodelling. Dynamic loading is not a crucial factor in healing. The soft tissue 
coverage (periosteum), however, is an important factor in the healing process of 
large segmental bone defects.
Our model is adequate for studying clinical relevant reconstruction options. In 
absence of the periosteum it lacks the biological properties to heal. The main 
focus of future investigations should be to improve the biological healing 
properties in these circumstances. Promising recent reports showed the ability of 
bone marrow cells expressing BMP-2 created using viral gene transfer to heal a 
critical sized femoral defect in a rat and rabbit models 13. The found long-term 
protein production and subsequent substantial new bone formation could be 
applied in our large model without periosteum and might result in healing.
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Samenvatting, Slotopmerkingen 
en toekomstperspectieven
De voornaam ste  doelste ll ing van dit proefschri ft  Is het uittesten van verschil lende 
scenar io ’s voor het herstel van grote botdefecten, om zo patiënten opt imaal te 
kunnen behandelen. Grote botdefecten ontstaan na open botbreuken, uitnemen 
van bo ttum oren en uitruimen van botontstekingen. Het m issende bot geeft grote 
instabil ite it  waardoor stabil isatie door middel van externe fixateurs, platen of 
mergpenfixatie noodzakeli jk  is. Het genez ingproces van het bot in dergelijke 
situaties is sterk verm inderd ten gevolge van verlies van wekedelen bedekking, 
verl ies van bot en een verm inderde b loedtoevoer naar het defect. De bio logische 
condit ies  zijn in deze gevallen dusdan ig  verstoord dat een spontane genezing 
van het defect niet meer te verwachten is. Grote botdefecten zijn moeil i jk  te 
reconstrueren en werden in het verleden in veel gevallen noodgedw ongen 
behande ld  door middel van amputat ie  van het ledemaat.
Om het probleem van grote botdefecten te verhelpen zijn verschil lende behandel­
m ethoden onderzocht, onder andere het inbrengen van massieve stukken 
donorbo t en bo ttransport  met behulp van externe fixatieframes. Beide bleken niet 
altijd succesvol. De grote stukken massief donorbo t  veroorzaken problemen 
zoals het niet vast groeien, infectie en vermoeidhe idsbreuken. Bottransport  met 
behulp van externe f ixatie frames is technisch veele isend en heeft een hoog 
percentage complica t ies  (gem. 2 tot 3,2 com plica t ies  per patiënt). Een ander 
nadeel is de duur van de behandeling die vaak gepaard gaat met een aantal 
addit ione le operatieve procedures, die een aanzienlijke therap ie trouw van de 
patiënt vereist. Vandaar dat alternatieve procedures voor het herstel van deze 
grote botdefecten nodig zijn.
Uit de literatuur is een aantal vee lbe lovende resultaten bekend van het gebru ik 
van bo tsn ippers  in combinat ie  met metalen kooien en trabecula ir  metaal.
Na impactie van kleine sponsbotsn ippe rs  gebru ik t  bij herste loperaties van 
botdefecten die zijn ontstaan na het falen van gewrichtsprotheses, is aangetoond 
dat n ieuw bot word t aangem aakt in het defect. In het geval van grote botdefecten, 
worden de sn ippers sponsbot op hun plaats gehouden door metalen gazen, die 
zijn geplaatst rond de oorspronkel ijke locatie van het ontbrekende botdeel.  Deze 
techn iek zoals oorspronkel i jk  is ontw ikke ld voor defecten na een gefaalde h e up ­
en of knieprothese, is aangepast voor het herstellen van grote defecten in
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pijpbeenderen. In een publ icatie zijn drie patiënten beschreven die een open 
scheenbeenbreuk  op liepen met uitgebreid bot-en weke delen verl ies. De defecten 
werden met succes gereconstrueerd met behulp van een c i l indrische kooi vol 
sponsbotsn ippers , gestabi l iseerd met een mergpen. Een vergel i jkbaar succesvol 
resultaat werd verkregen door reconstructie  van een botdefect, dat ontstaan was 
door het weghalen van tumoren. In deze reconstructie was er herstel met behulp 
van een botvervanger op basis van een poreuze trabecula ire metalen c il inder in 
de vorm van het m issende stuk bot. De hierboven genoem de  rapporten, waarin 
de resultaten worden vermeld van reconstructies met behulp van metalen kooien 
en trabecula ir  metaal, zijn veelbelovend. Echter het aantal patiënten behandeld 
met deze technieken is nog klein en de krit ische factoren voor succes of mis lukking 
moeten eerst preklin isch nader onderzocht worden. Dit proefschri ft  beschri jf t  of 
het gebru ik  van sponsbo tsn ippe rs  en trabecula ir  metaal een alternatief kan 
vormen om defecten te herstellen onder verschil lende kritische omstandigheden.
In de ideale situatie zal de reconstructie  na de operatie meteen be lastbaar zijn, 
kan externe fixatie voorkom en worden en is er maar één chirurg ische procedure 
nodig . De methoden van fixatie, de verschil lende be lastingm echan ism en op het 
defect en de gevolgen van schade aan het beenvlies zijn van invloed op de lange 
termijn resultaten en kunnen zowel posit ieve als negatieve effecten hebben op 
het vastgroeien van het defect. Dit laatste is een voorwaarde om op termijn een 
duurzam e stabili teit te garanderen. Belangrijke factoren voor de biologische 
capacite it  tot heling zijn het beenvlies en de stabili teit van het defect na het 
inbrengen van implantaten.
De pog ing om een betere behande lm ethode te vinden is in dit onderzoek 
gerealiseerd door de vo lgende onderzoeksstappen;
Het eerste hoo fds tuk  beschri jf t  het verschil  tussen het spontane herstel van bot 
na een ongecom pl iceerde  breuk en het p rob lematische herstel na een 
gecom p liceerde  breuk. De kl inische behandeling van een gecom p liceerde  breuk 
met wekedelen- en groot botverlies met b i jkom ende instabi liteit is een groot 
probleem. In een overzicht w orden de huid ige behande lm e thoden van bot verl ies 
met elk hun eigen unieke problemen en vaak tegenvallende resultaten gepresenteerd.
In hoo fds tuk  tw ee is beschreven hoe groot het aantal com plica t ies  is van 
reconstructies van grote botdefecten met een massief stuk donorbot,  na het
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uitnemen van bottumoren. De overlevingskansen van de reconstructie in relatie 
met de methode van fixatie werd tevens in onze eigen patiëntengroep onderzocht. 
Tweeëndertig patiënten werden geëvalueerd met betrekking tot het percentage 
breuken, infecties, niet vastgroeien en de uiteindelijke overleving van de 
reconstructies. De gemiddelde nacontrole periode van deze groep was 5 jaar en
3 maanden. Het totale breukpercentage bedroeg 13%, het percentage infecties 
was 16%. Het percentage van vastgegroeide reconstructies bedroeg slechts 
25%. De totale overleving van de reconstructies was 80,8% na 5 jaar, hetgeen 
vergelijkbaar is met andere studies. Er werd geen verschil gevonden tussen het 
fixeren van het donorbot met de steel van een gewrichtsprothese, of osteosynthese 
implantaat (mergpen, plaat). Twee breuken werden echter gezien na reconstructie 
met plaat fixatie en van de vier kniefusiepennen braken er drie. De rigide fixatie 
met de steel van een gewrichtsprothese leek een betere fixatie op de korte termijn 
te hebben. Echter complicaties gerelateerd aan het slijten van de gewrichts­
prothese zullen naar verwachting toenemen met het verstrijken van de tijd tussen 
operatie en nacontrole.
De volgende onderzoeksstap in hoo fds tuk  drie betreft ten eerste het mechanisch 
testen van een reconstructie middels een kooi gevuld met een bottransplantaat 
van kleine snippers sponsbot als alternatieve behandeling voor botdefecten. Het 
bottransplantaat bij deze kooien moet bij voorkeur mechanisch worden belast om 
resorptie te voorkomen. Belasten van versnipperd sponsbottransplantaat kan 
echter ook leiden tot instabiliteit door inzakking. Het tweede doel was om de 
invloed van het type kooi te beoordelen, ten derde het wassen van het trans- 
plantaatbot en als vierde de mate van passing van de kooi in het defect. 
Twee verschillende soorten kooien waren gevuld met versnipperd sponsbot- 
transplantaat. De transplantaten werden gewassen en ongewassen in variabele 
bot-cage passing toegepast. De vervorming van het bottransplantaat in de kooi 
onder dynamische belastingsomstandigheden werd gemeten. Stabiliteit bleek 
niet erg gevoelig voor het kooitype en het feit of botsnippers werden gewassen of 
niet. Echter, de kwaliteit van de pasvorm van de kooi met het resterende 
bot-segment bleek een belangrijke factor die geoptimaliseerd moet worden 
tijdens een operatie. Versnipperd sponsbottransplantaat in een kooi bleek 
voldoende stabiel in dynamisch belaste omstandigheden in een in vitro 
reconstructie van grote botdefecten.
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In hoo fds tuk  v ie r is een nieuw diermodel beschreven waarin grote defecten in 
pijpbeenderen worden gereconstrueerd. De onderzoeksvraag is of sponsbot- 
transplantaat in een kooi een alternatief kan zijn voor een massief bottransplan- 
taat in de reconstructie van grote botdefecten in de schacht van pijpbeenderen. 
Defecten in het dijbeen van de geiten werden gereconstrueerd met een kooi 
gevuld met sponsbotsnippers of met een structureel massief botdeel (n = 6 in 
beide groepen). Alle reconstructies werden gestabiliseerd met een mergpen. De 
geiten mochten volledig belasten. In alle reconstructies, heelden de defecten. Na 
6 maanden was de mechanische torsiesterkte van het dijbeen met de kooi en 
structurele massieve botreconstructies 66,6% respectievelijk 60,3%, in vergelijking 
met het niet geopereerde dijbeen. Histologisch was het sponsbot transplantaat 
geheel vervangen door nieuw bot. In de structurele bot transplantaatgroep was 
een mix van nieuw en necrotisch bot aanwezig. Het optimaal vervangen van 
sponsbot door nieuw bot suggereert dit type van reconstructie veiliger is dan de 
reconstructie met een structureel bottransplantaat. De uitkomst suggereert dat 
een kooi gevuld met een belast sponsbottransplantaat een alternatief kan zijn 
voor een massief bottransplantaat voor het herstel van grote botdefecten in een 
diermodel.
H o o fds tuk  v ijf beschrijft de invloed van statische dan wel dynamische 
mergpenfixatie op de genezing van reconstructies van grote botdefecten in lange 
pijpbeenderen. Defecten in het dijbeen van de geit werden gereconstrueerd met 
behulp van een kooi gevuld met sponsbottransplantaat vermengd met een 
hydroxyapatiet pasta (Ostim). Alle reconstructies werden gestabiliseerd met een 
intramedullaire pen. In de eerste groep (n = 6) was de intramedullaire pen statisch 
vergrendeld, in de tweede groep (n = 6) werd een dynamische intramedullaire 
pen toegepast. Onze hypothese was dat dynamisering van de pen een positief 
effect op de genezing van het bottransplantaat zou hebben. Direct na de operatie 
mochten de geiten volledig belasten. Na 6 maanden bedroeg de mechanische 
torsie sterkte van het dijbeen met de kooi in statische en in dynamische modus 
74,8%, respectievelijk 73,0% in vergelijking met het niet geopereerde dijbeen. In 
alle reconstructies bleek zowel radiografische als histologische heling van het 
bottransplantaat tot een nieuwe vitale botstructuur plaats te vinden. De gegevens 
suggereren dat genezing van deze defecten met een sponsbot in een kooi niet 
significant beïnvloed wordt door belasting in dit model.
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De resultaten van metalen cilinders, vervaardigd van trabeculair metaal, gebruikt 
voor het reconstrueren van grote botdefecten in de schacht van pijpbeenderen 
worden beschreven in hoo fds tuk  zes. Ook het effect van aan- of afwezigheid van 
beenvlies bedekking wordt onderzocht. De botdefecten werden gereconstrueerd 
met metalen cilinders met of zonder bedekking van het beenvlies en gestabiliseerd 
door een mergpen. Radiologische analyse werd uitgevoerd direct postoperatief 
en zesentwintig weken na de operatie. Nieuw bot werd gemarkeerd met 
fluorochromen 13 en 26 weken na de operatie. De reconstructies werden 
mechanisch getest en vervolgens histologisch onderzocht. De niet geopereerde 
dijbeenderen werden gebruikt als controles. Radiologisch lieten alle reconstructies 
met beenvliesbedekking heling zien van cilinder met het bot. Reconstructies met 
cilinders zonder beenvliesbedekking liet in vijf van de zes gevallen een defect 
zien dat niet heelde. De mechanische torsiesterkte met en zonder bedekking van 
beenvlies was respectievelijk 102,1% en 24,5% in vergelijking met controles. In de 
met beenvlies bedekte groep werd veel botingroei aangetroffen in de cilinder. 
Zonder beenvlies werd er geen of zeer beperkte botingroei gezien. De trabeculair 
metalen cilinders lijken daarom een veilig en betrouwbaar alternatief voor een 
massief bottransplantaat om defecten te reconstrueren in het dijbeen van een 
geit als het beenvlies aanwezig is.
Het doel van hoo fds tuk  zeven is om te onderzoeken of metalen cilinders in 
combinatie met plaat fixatie gebruikt kunnen worden om grote botdefecten te 
herstellen bij afwezigheid van het beenvlies. Middels plaatfixatie zou door primaire 
botgenezing mogelijk de overgang tussen bot en cylinder kunnen worden 
overbrugd. Grote botdefecten in zes geiten werden daarvoor gereconstrueerd 
met cilinders en een niet-hoekstabiele plaatfixatie. Radiologische analyse werd 
uitgevoerd direct post-operatief en na 26 weken. Nieuw bot werd gelabeld met 
fluorochromen op 13 en 26 weken na operatie. De reconstructies werden 
mechanisch getest en vervolgens histologisch onderzocht. De niet geopereerde 
dijbenen werden gebruikt als controles. Radiologisch lieten alle cilinders zonder 
beenvlies bedekking een beeld zien van niet vastgroeien, waarin de cylinders in 
drie gevallen uit positie verschoven. De mechanische torsiesterkte van de 
reconstructies was dan ook slechts 14,8% ten opzichte van de niet-operatieve 
kant. Histologisch bleek er sprake te zijn van fibreus weefsel rond de cilinders 
zonder botingroei. De conclusie is dat de reconstructie met trabeculaire cilinders 
van grote botdefecten zonder beenvlies in combinatie met een niet hoekstabiele 
plaatfixatie tot slechte resultaten leidt.
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De nieuwe technieken met behulp van kooien gevuld met sponsbot sn ippers of 
t rabecula ir  metalen cil inders zijn veelbelovend. Er zijn echter een paar bezwaren. 
Het nadeel van metalen implantaten is dat ze een hoger percentage infecties 
kunnen veroorzaken wanneer zij gebruikt worden na een open botbreuk. Een ander 
nadeel is dat na heling het metaal vas tgegroeid is in het bot. Het metaal kan dan 
werken als een schild en botlu iheid veroorzaken met daaropvo lgende botafbraak, 
zoals werd beschreven in hoofdstuk 4. De op lossing kan zijn om te werken met 
een kooi van op losbaar materiaal. De sterkte van deze resorbeerbare implantaten 
moet echter worden onderzocht in het kader van deze grote gew ich tdragende 
reconstructies. Studies over de ervaringen met resorbeerbare implantaten maken 
melding van com plica t ies  zoals weefselgranulatie en een daaropvo lgende reactie 
met langdurige f is telvorming waardoor dit ook niet de ideale op lossing lijkt. In de 
toekom st kunnen bot transplantaten voor het vullen van de defecten en kooien 
well icht worden vervangen door kunstbot. Om een mogeli jk  snellere genezing af 
te dingen kunnen botst imulerende eiwitten worden gebru ik t  in combinat ie  met dit 
kunstbot. De stabili teit van de reconstructie kan verder worden verbeterd door 
hoekstabie le platen of strak passende mergpennen. Deze verbetering van de 
stabili teit kan vo ldoende zijn in situaties zonder beenv liesbedekk ing om 
botgenezing mogeli jk  te maken. Intiem con tact tussen het bot van de patient en 
transplantaat en een goede lange termijn stabili teit zijn belangri jk en m ogeli jk  zijn 
beiden noodzakeli jk  om een succesvol resultaat te bereiken.
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Dankwoord
Dit proefschrift is het resultaat van de samenwerking tussen het Orthopedic 
Research Lab en de klinische Orthopedie, binnen de afdeling Orthopedie van het 
UMC St Radboud. Vele mensen hebben een bijdrage geleverd aan de totstand­
koming van dit onderzoek. In het bijzonder wil ik bedanken:
Prof.Dr.P. Buma, mijn promotor en mentor. Beste Pieter, zonder jou was dit nooit 
af gekomen! Lag het onderzoek weer eens even stil dan kon jij weer op de juiste 
wijze stimuleren en motiveren. Ja, onderzoekers uit de kliniek blijven een aparte 
groep om te sturen. Dit project is nu af en mijn dank daarvoor is groot. Naast 
gedrevenheid in onderzoek waardeer ik jouw nuchterheid en humor.
Prof.Dr.N. Verdonschot, beste Nico. Ik wil je danken voor het opzetten en vlot 
trekken van de in vitro studie. Gedurende de onderzoeken heb ik veel baat gehad 
van jouw scherpe analyses en commentaar.
Prof.Dr.R.PH. Veth, beste Rene. Allereerst dank voor het getoonde vertrouwen 
gedurende mijn opleiding tot Orthopedisch chirurg. Door de stabiliteit en 
organisatie van de afdeling heb ik mezelf kunnen ontwikkelen tot waar ik nu ben. 
De laatste jaren kreeg ik naast Orthopedisch adviezen ook adviezen tav het 
thuisfront die minstens zo gewaardeerd worden.
Dr. H. Schreuder, beste Bart. Jouw plannen om botdefecten te gaan onderzoeken 
lagen al klaar toen ik bij je kwam praten over mogelijke onderzoeksplannen. Mooi 
dat het eindelijk is gelukt om dit project te doen slagen. Bedankt voor je humor, 
het op de plaats zetten van assistenten in opleiding en gevoel op de werkplek.
Dr. M. De Waal Malefijt, beste Maarten. Als jonge agnio kwam ik bij je en we 
zetten onze schouders onder mijn eerste orthopedische onderzoek betreffende 
de tevredenheid van patiënten na een knie prothese. De eerste stap was gezet. 
Daarna verder met dierexperimenteel onderzoek waarbij jij de door ons gewenste 
custom made Tantalum cylinders wist te bemachtigen. Naast het onderzoek heb 
je mij ook wegwijs gemaakt in de klinische tak van sport waarvoor dank.
Dhr.W. van de Wijdeven, beste Willem. Ja, jouw naam prijkt in veel proefschriften 
en men zegt allemaal hetzelfde: Willem kent geen ‘nee’. Er is geen probleem waar
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jij je tanden niet in zet. In korte termijn staan er instrumenten klaar waarmee de 
proeven tot uitvoeringen kunnen worden gebracht die door jou zijn bedacht en 
gemaakt. Ook bij voorbereidingen en uitvoeringen als ik weer eens naar de kliniek 
werd weg geroepen was jij nooit te beroerd om je handen te laten wapperen. 
Willem, wat moet de afdeling als jij met pensioen zal gaan? Tijdens proeven 
hebben wij elkaar ook beter leren kennen en heb ik ook veel respect gekregen 
voor jou als mens. Veel dank.
Dr.J.W. Louwerens, beste Jan Willem. Toen ik in de St Maartenskliniek kwam keek 
ik uit naar voet en enkel pathologie. Deze hiaat in mijn kennis heb ik goed kunnen 
dichten en jij hebt mij zelfs zo enthousiast gemaakt dat dit nu een groot deel van 
mijn werk is geworden. Een mooie tijd was het en jij had ondanks jouw drukke 
werkzaamheden in tientallen commissies toch nog oog voor mijn onderzoek. Na 
de eerste resultaten besloten wij de cage technieken uit het onderzoek in patiënten 
te gaan toepassen. Voor mij heel bijzonder om na een klinisch probleem en dier­
experimenteel onderzoek weer bij patiënten uit te komen. Helaas is deze publicatie 
niet in dit boekje opgenomen. Dank voor jouw input in mij als persoon.
Dr. G. Hannink, beste Gerjon. Destijds collega onderzoeker. Daar kwam ik weer 
met vragen over statistiek. Die artsen weten daar ook niets van! Dank voor jouw 
adviezen omdat je al een straatlengte voorliep in jouw onderzoek en de meeste 
hindernissen al had overwonnen.
Luc Walschot, beste Luc. Jij bent een voorbeeld van een arts die wel wat weet van 
statistiek. Dat was mooi voor mij. Naast statistiek heb ik ook van je geleerd hoe je 
met 1 hand een geit kan optillen. Helaas is mijn biceps iets kleiner dan die van 
jou. Veel plezier als je dadelijk in Australië trauma fellow bent op de plek waar ik 
ook heb gezeten!
Ninky Minderhoud, beste Ninky. Samen hebben we alle patiënten dossiers 
doorgenomen van patiënten die door Prof Veth en Bart Schreuder zijn behandeld 
met een massieve allograft. Deze groep hebben we beschreven in een van de 
eerste publicaties. Succes met jouw carrière in de radiologie.
Dr. C. Arts, beste Chris. Ik heb van jou geleerd hoe je zoveel mogelijk donorbot 
uit het borstbeen van een geit haalt. Als ik dan toch nog tekort kwam dan mocht 
ik soms nog wat uit jouw voorraad plunderen. Succes in Maastricht.
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Ineke Huidekoper regelt en weet alles op het laboratorium Orthopedie. Mijn 
verbazing was groot toen ik studenten verhalen uit Maastricht van het Heren 
dispuut Ambiorix uit jouw mond vernam. Zonder het te weten was jouw zoon 
aspirant lid geworden en het is hem - gelukkig voor mij - goed vergaan. Bedankt 
voor al het regelwerk.
Stafleden en opleidingsassistenten Cluster Oost. Bedankt voor een mooie 
opleidingstijd en begrip als ik weer wat aan mijn onderzoek moest doen.
Medewerkers CDL. Alex, Jeroen, Ton, Fred, Conrad, Wilma en overige team leden. 
De deur stond altijd open op het centraal dierenlaboratorium. Jullie hebben mij 
geweldig geholpen en naast de test opzet wegwijs gemaakt in jullie wereld.
Leon Driessen; Leon kan net als Willem bijna alles: femurs uitnemen, fluorochromen 
aanmaken, zagen van hele harde en zachte materie, rontgen fotografie, macro 
fotografie, digitale metingen, histologische kleuringen etc . etc. Leon mijn dank is 
groot.
Mijn ouders horen niet te ontbreken. Werklust en no nonsens hebben mij zeker 
verder geholpen en ik hoop dit ook aan mijn mannen door te geven.
Mireille, wat een mooi nest hebben we toch! Ik ben benieuwd wat er voortkomt uit 
onze kuikens, Joppe, Cas en Jens.
Paranimfen, Hans Terlouw en Harm Boons. Wees maar niet bang, de meeste 
zaken zal ik niet aan het papier toe vertrouwen en zijn zonder woorden. Het is 
weer feest! Niet het eerste feest en hopelijk ook niet het laatste met jullie samen. 
Familie, vrienden en (ex-)collegae: mooi dat jullie er zijn!
153

#SAMENVATTING | DANKWOORD | CURRICULUM VITAE | PUBLICATIES
Curriculum Vitae
Petrus Hendrikus Johannes (Pieter) Bullens is op 26 april 1971 geboren in Ospel 
(Nederweert). In 1991 behaalde hij het VWO diploma aan de rijks scholen 
gemeenschap Jan van Brabant te Helmond. Aansluitend werd begonnen met de 
studie geneeskunde aan de Universiteit van Maastricht. Tijdens deze studie 
participeerde hij bij de vakgroep Algemene Heelkunde in het onderzoeksproject 
Post Traumatische Dystrofie onder leiding van Dr. F. van den Wildenberg. 
Dit resulteerde in de eerste publicaties. Aan het eind van de studie volgde een 
Stage Traumatologie in het Unfallkrankenhaus Berlin (begeleiding Prof. Dr.A. 
Ekkernkamp en Prof. Dr. J. Stapert) en Orthopedie in het Beth Israel Hospital te 
Boston ( begeleiding Dr. D. Reilly en Prof. R. Geesink). Het arts examen werd eind 
1998 behaald. De interesse in de orthopedie was inmiddels gewekt en van 1999 
tot 2001 werkte hij als agnio orthopedie in het Radboud ziekenhuis te Nijmegen 
waar de basis voor dit proefschrift werd gelegd en het Elkerliek ziekenhuis te 
Helmond. In het kader van de opleiding tot orthopedisch chirurg, werd de 
vooropleiding heelkunde van 2001 tot 2003 volbracht in het Canisius Wilhelmina 
Ziekenhuis te Nijmegen (opleiders: Dr. E. Bruggink en Dr. W. Barendregt). Van 
2002 tot 2008 vervolgde hij de opleiding orthopedie in het UMC St Radboud 
(opleiders: Prof.Dr. R. Veth en Prof. Dr. A. van Kampen), St Maartenskliniek 
Nijmegen ( opleiders: Dr.A. Wymenga en Dr. J.W. Louwerens) en Rijnstate 
ziekenhuis te Arnhem (opleiders: Dr. W.Rijnberg en Dr. P. Struben). Van 2008 tot 
2010 was hij werkzaam als fellow in Flinders Medical Centre en Queen Elizabeth 
Hospital te Adelaide Australie en Ganga Hospital te Coimbatore India in de 
deelgebieden Traumatologie en voet en enkel chirurgie. Vanaf 1 maart 2010 is hij 
werkzaam in de maatschap orthopedie van het Gelre ziekenhuis te Apeldoorn.
De auteur is getrouwd met Mireille van Stekelenburg en samen hebben zij drie 
zonen: Joppe, Cas en Jens.
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Neurogen ic in flammation in an animal model of neuropath ic  pain.
Daemen MA, Kurvers HA, Kitslaar PJ, Slaaf DW, Bullens PH, Van den 
W ildenberg FA.
Neurol Res. 1998 Jan;20(1):41-5.
Motor denervation induces altered muscle fibre type densities and atrophy 
in a rat model of neuropath ic  pain.
Daemen MA, Kurvers HA, Bullens PH, Slaaf DW, Freling G, Kitslaar PJ, van 
den W ildenberg FA.
Neurosci Lett. 1998 May 15;247(2-3):204-8.
Motor dysfunct ion and reflex sympathet ic  dystrophy. Bilateral motor 
denervation in an experimental model.
Bullens P, Daemen M, Freling G, Kitslaar P, Van den W ildenberg F, Kurvers H. 
Acta O rthop Belg. 1998 Jun;64(2):218-23.
Neurogen ic inflammation and reflex sympathet ic  dystrophy (in vivo and in 
vitro assessment in an experimental model).
Daemen M, Kurvers H, Bullens P, Barendse G, Van Kleef M, Van den 
W ildenberg F.
Acta O rthop Belg. 1998 Dec;64(4):441-7.
Patient satis faction after total knee arthroplasty: a com parison  between 
subjective and objective ou tcom e assessments.
Bullens PH, van Loon CJ, de Waal Malefi jt MC, Laan RF, Veth RP.
J Arthroplasty. 2001 Sep;16(6):740-7.
Bilateral tendon ruptures in patients with a systemic disease.
P.H.J. Bullens, C.J.M. van Loon, A. van Kampen.
Dutch Journal of O rthopaed ics  2001 Dec (nr 3) 11-15.
Treatment of scapho id  non-union with a percutaneous cort icocance l lous 
bone graft.
Bullens PH, Driesprong M, Lacroix H, Vegter J.
J Hand Surg Br. 2005 Aug;30(4):365-8.
Survival of massive allografts in segmenta l onco log ica l bone defect 
reconstructions.
Bullens PH, M inderhoud NM, de Waal Malefijt MC, Veth RP, Buma P, 
Schreuder HW.
Int Orthop. 2009 Jun;33(3):757-60. Epub 2008 Dec 3.
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9. Is an impacted morselized graft in a cage an alternative for reconstructing 
segmenta l d iaphyseal defects?
Bullens PH, Bart Schreuder HW, de Waal Malefijt MC, Verdonschot N, Buma P 
Clin Orthop Relat Res. 2009 Mar;467(3):783-91. Epub 2009 Jan 14.
10. The stabil ity of impacted morsell ized bone grafts in a metal cage under 
dynam ic  loaded conditions: an in vitro reconstruction of a segmenta l 
diaphyseal bone defect.
Bullens PH, Schreuder BH, de Waal Malefi jt MC, Veth RP, Buma P:
Verdonschot N.
Arch O rthop Trauma Surg. 2009 May;129(5):575-81. Epub 2009 Feb 3.
11. The presence of periosteum is essentia l for the healing of large diaphyseal 
segmenta l bone defects reconstructed with trabecular metal: a study in the 
femur of goats.
Bullens PH, Schreuder HW, de Waal Malefijt  MC, Verdonschot N, Buma P.
J B iomed Mater Res B App l Biomater. 2010 Jan;92(1):24-31.
12. Conversion of failed ankle arthroplasty to an arthrodesis Technique using an 
arthrodesis nail and a cage filled with morsell ized bone graft.
Bullens, Pieter MD; de Waal Malefijt, Maarten MD; Louwerens, Jan-Willem MD.
^  Foot and Ankle Surgery 2010 Jun;16(2):101-4. Epub 2009 Feb 11. ^
13. No effect of dynam ic  loading on bone graft healing in femoral segmental 
defect reconstruct ions in the goat.
Pieter H. J. Bullens, MD; Gerjon Hannink, PhD; Nico Verdonschot, PhD; and 
Pieter Buma, PhD.
Injury 2010 Aug 4.
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